Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



THREE-PHASE TRANSMISSION 



o VoUs, showing Transposing Tov 



THREE-PHASE 

TRANSMISSION 



a ipractical treatise 



ON THE ECONOMIC CONDITIONS GOVERNING THE 

TRANSMISSION OF ELECTRIC ENERG Y 
BY UNDERGROUND AND OVERHEAD CONDUCTORS 



WILLIAM BREW, M.I.E.E. 



NEW YORK 
D. VAN NOSTRAND COMPANY 

2J MURRAY AND 27 WARREN STREETS 

LONDON 

CROSBY LOCKWOOD AND SON 

1911 



152712 M m^l(o 

APR 2 7 1911 ^ 



PREFACE 



With the increasing range of literature designed to meet the 
requirements of the electrical student, engineer, and specialist, 
some explanation may perhaps be offered for the appearance 
of a book devoting itself almost entirely to the electrical trans- 
mission of energy by three-phase currents. 

That this system of transmission is eminently suited to 
modern requirements is obvious from the fact that, with the 
extended application of electricity to industrial purposes, under- 
takings formerly distributing single-phase or continuous current 
have alike resorted to three-phase transmission in order to 
enable them to cope with their widening field of operations. 
Thus with the very general use of three-phase transmission the 
practical consideration of the subject in all its bearings has 
become of the greatest importance. 

Most engineers concerned with the generation and distribu- 
tion of electrical energy have from time to time met difficulties 
involving financial and other considerations, which many text- 
books, excellent in other respects, have ignored completely, 
whereas the importance of sound financial principles in all 
technical questions cannot be overestimated. 

It appeared, therefore, there was a want of a practical 
treatise upon the subject of three-phase transmission with 
definite aims in view. In the first place, to bring prominently 
before the reader such economical and financial points as 
engineers and specialists engaged upon new works would find 
useful ; in the second place, to provide the earnest student 
with concrete examples of problems which, whilst demanding 
scientific treatment, are yet dependent upon commercial con- 
siderations for their useful solution. 
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Accordingly, in the following pages, the endeavour has been 
made to keep constantly in view the all-governing question : — 
Will it pay ? 

Whilst some knowledge of electrical engineering on the part 
of the reader is assumed, mathematics have been omitted as far 
as possible, and where algebraical expressions are introduced 
these are of the most elementary character. 

References also have for the most part been omitted as 
uninteresting to the general reader and involving an amount 
of labour and research incommensurate with their utility to 
practical engineers. 

The book contains some original investigation and much 
data not hitherto published, which, it is hoped, may prove of 
interest. 

In conclusion, the author desires to express his indebtedness 
to Dr W. E. Sumpner for valuable suggestions, also to Messrs 
The British Insulated & Helsby Cables Ltd. ; Ferranti Ltd. ; 
Maschinenen-fabrik Oerlikon, Reyrolle & Co. Ltd. ; and to the 
Council of the Institution of Electrical Engineers, for details and 
illustrations of plant kindly furnished by them. Much credit is 
also due to the publishers for the pains they have taken to 
make the book perfect in every respect. 

W. B. 

Lo^DOl^i, January 191 1. 
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THREE-PHASE TRANSMISSION 



CHAPTER I 

INTRODUCTORY 

In the present work the writer proposes to discuss from the 
station engineer's standpoint the subject of three-phase power 
transmission, in connection with which huge sums of money 
have been sunk in the past, and much larger sums will pro- 
bably be expended in the future with the natural growth of 
transmission schemes and the extended distribution of elec- 
tricity for power, lighting, and traction purposes. 

The trunk mains of the future within the United Kingdom 
will, according to the present tendency, largely consist of 
E.H.P. three-phase armoured cables laid underground, although 
it is well known that an overground line can generally be 
constructed from about half to one-third of the capital this 
involves. We may, however, see trunk mains of overground 
type more extensively adopted in the future. 

The conditions to be met by the electrical transmission and 
distribution of power vary considerably in different countries. 
In England the problem usually resolves itself into the supply 
of energy in bulk to numerous consumers within compara- 
tively small areas densely populated and within which coal is 
abundant. Accordingly, the use of overhead transmission lines 
is somewhat restricted, and the distribution of energy has to 
be effected by means of more expensive underground cable 
systems. 

With transmission schemes abroad in countries where coal is 
scarce, and districts are sparsely populated, it is often economical 
to transmit power over very great distances by means of over- 
ground lines between water-power sources of energy and towns 
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or cities within which the energy is utilised for tramways, 
lighting, or industrial purposes. Accordingly, the working 
pressures in use on Continental and American transmission 
schemes greatly exceed those in use anywhere within the 
British Islands. An inspection of the following tables, giving 
particulars of some British and foreign transmission schemes, 
will at once render this evident. It will be seen that whereas 
the highest working voltage generally in use in England is 
20,000 volts, some Canadian and American schemes are using 
pressures as high as 110,000 volts. Moreover, whilst the 
maximum distance over which energy is at present transmitted 
in England does not generally exceed 20 or 30 miles, we find- 
energy transmitted over distances of 300 miles abroad. 

It is of interest to note, however, that both in the United 
Kingdom and abroad it is becoming common practice to link up a 
number of generating stations to the same network of trans- 
mission lines whether these consist of overhead wires or under- 
ground cables or a combination of both, and this has become a 
distinguishing characteristic of the Power Companies in England 
working under special Act of Parliament over large areas, as 
compared with the more numerous Companies and Municipal 
Authorities working under Provisional Orders within strictly 
confined areas. 

The linking up of a number of power stations to the same 
network of mains in the North of England has enabled power 
running to waste in the form of gas from coke ovens, &c., to be 
utilised. Such waste heat stations are installed at a number 
of points, and these are linked up to the steam-driven stations, 
which only supply the deficit of power required to meet the 
demand from consumers at any time. 

On similar lines abroad, water power and steam-driven 
auxiliary stations are linked up to the same network, the steam- 
driven stations being used during the shortage of water which 
occurs at definite periods of the year in the case of many rivers. 
An interesting example of such a system is to be found in the 
South of France where one company, the Societe Energie 
Electrique du Littoral Mediterraneen, supplies direct 256 town- 
ships and indirectly a further 83 townships including ten tram- 
way systems. 

The synchronising of the various generating stations on the 
same H.T. network and over great lengths of transmission lines 
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has presented no difficulty, the impedance of the line in fact 
being found beneficial in keeping down the amount of the 
synchronising current. 



Table I. — Overhead Transmission Schemes Abroad. 





Maximum 


Maximum 


Maximum Length 


Undertaking. 


Transmission 


Load in 


of Transmission, 




Voltage. 


Kw. 


Miles. 


Hydro-Electric Power Com- 


110,000 


• • • 


310 


mission, Canada 








Spanish Hydro-Electric Co. 


66,000 


25,000 


160 


Spokane, Washington 


60,000 


8,000 


100 


La Plombi^re, France 


57,000 


3,000 


124 


Califomian Gas and Electric 


55,000 


• • • 


154 


Corporation 






700 total 


Gaucin, Seville - - - 


52,000 


3,900 


78 


Vizzola Campocologno, Nor- 


45,000 


36,000 


113 


thern Italy 









Table II. — Underground and Overhead Transmission 

Schemes — British. 



Undertaking. 


Maximum 
Transmis- 
sion Volt- 
age. 


Maximum 

Load in 

Kw. 


Maximum 
Length of 
Transmis- 
sion, Miles. 


1 

Remarks. 


Newcastle - upon • Tyne 

Electric Supply Co. 
Cleveland and Durham 

Electric Power Co. 
County of Durham 

Electric Power Co. 
Clyde Valley Electric 

Power Co. 
North Metropolitan 

Electric Power Sup- 
ply Co. 
Yorkshire Electric 

Power Co. 
South Wales Electric 

Power Distribution 

Co. 
Lancashire Electric 

Power Co. 


■ 
20,000 

20,000 

20,000 

11,000 

11,000 

10,000 
11,000 

10,000 


37,880 
24,400 

23,370 
19,000 
10,000 

10,000 
6,150 

5,300 


15 

32 
16 

21 
25 

12 


... ... 

' . . . ... 

... ... 

20 miles overhead. 

• • • • • • 

• • • • • • 

90 miles under- 
ground ; 

9 miles overhead. 

60 miles under- 
ground ; 

14 miles overhead. 
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The extended use of E.H.P. underground cables involves 
some special considerations of an electrical, financial, and legal 
nature, regarding which little appears to have been written up 
to the present, and a brief review here of some of these may 
prove of interest to practical engineers. 

Electrically, we have questions of the most suitable voltage 
for transmission with these cables under various conditions ; the 
possible economies to be effected in working as regards copper, 
dielectric, and sheath losses ; some sorely needed reforms in 
controlling switchgear ; and methods of insulating at cable 
receivers, switches, and instrument connections ; and quite a 
number of other points. 

Financially, we have had before us in the past the phenomen- 
ally high price of copper and the possibility of this high price 
again holding, combined with a dear money market 

Legally, we have the requirements of the Board of Trade, 
the Home Office statutory obligations, and, in the case of 
municipal undertakings, the requirements of the Local Govern- 
ment Board also to meet. 

In contemplating any extensions to plant or mains, the 
engineer has usually one or more of the following considerations 
before him : — 

1. The urgency of the work necessary to cope with increasing 
business or of maintaining the continuity of the supply. 

2. The limits of the extension advisable to be taken in hand 
immediately as influenced by the rate of growth of business 
on the one hand and the favourable or otherwise condition of the 
metal and money markets on the other hand. 

3. Economies to be effected by the substitution of modern 
and efficient plant for obsolete plant, and the financial soundness 
of the change as shown by the saving to be effected and its 
ability to meet the annual charges of both existing capital 
commitments and of the capital required. 

4. The enthusiasm or push factor of the promoters of rival 
methods of illumination, traction, or power, and the inevitable 
disaster resulting from a sitting-still policy common to any 
commercial undertaking. * 

The scope of the present chapter will only permit of a brief 
discussion of items Nos. 2 and 3 above. 

With regard to r, however, it may be said that the statutory 
obligations of a Corporation or Power Supply Company may 
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demand the first steps being taken irrespective of financial or 
other considerations. An emergency may require the engineer 
to decide things quickly, and may not permit of the careful 
weighing up of all considerations which should influence his 
decision towards the best end being achieved. A valuable asset 
in such cases is undoubtedly engineering instinct, provided it is 
successful. Few committees or boards of directors are humane 
in the case of failure. 

With regard to 2, it will be convenient for reference in what 
follows if we review briefly at this point some financial considera- 
tions generally affecting extensions to electricity undertakings. 

Taking the case in which a Municipal Authority is the under- 
taker, it is to be noted that the Local Government Board in 
sanctioning loans for municipal trading apparently allow the 
following periods for their repayment, such periods being supposed 
to represent the life of the various sections of the plant. The 
corresponding depreciation has been added on the assumption 
that the annual instalments are invested at 3 per cent, com- 
pound interest : — 



Table III. 



Engines - 
Dynamos 
Switchboards - 
Cables laid solid 
Cables armoured 
Transformers - 
Buildings 
Land 



Life — Years. 



15 
20 

25 
25 
15 
15 
50 
60 



Depreciation at 
I 3 per cent. C.I. 



5.37 

3-74 
2.74 

2.74 

5.37 

5-37 
0.89 

0.44 



Borrowing powers having been sanctioned by the Local 
Government Board with due regard to the existing obligations of 
the municipality and to the rates not proving an undue burden 
to the citizens, the Municipal Authority may obtain a loan from 
the Treasury or in the open market at current rate of interest. 

The effect of the period for which a loan is granted, and the 
rate of interest at which it can be obtained upon the annual 
repayments required for every ;^ioo borrowed, are shown by the 
following table : — 
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Table IV. 



1 


Annual Repayments Covering 


Interest and Sink! 


ng Fund. 


Years of 








, Loan. 










At 3^ per cent. At 4 per cent. 


.\t 4^ per cent. 


' At 5 per cent. 


lO 


12 1 12.3 


12.6 


13.0 


'5 


8.7 9.0 


9.3 


9.65 


20 


7.0 7.35 


7.65 


8.0 


25 


6.07 . 6.42 


6.77 


7.12 


30 


5.4 , 5.75 


6.1 


6.5 


! ^5 


5.0 5-37 


5.74 


6.15 



It may be mentioned, however, that should the money 
market quotations be abnormally high at a time it is necessary 
to effect a loan, powers are sometimes given to extinguish the 
loan at the end of five years or other period by the raising of 
a further loan upon more advantageous terms; the new loan 
in such cases being granted for the remaining number of years 
covered by the original loan. 

As an example of one of the considerations governing an 
extension may be mentioned the laying down of additional 
cables, when trenches are open, before they are actually wanted, 
which will often effect economy in trenching and reinstatement, 
and avoid the obstruction of busy thoroughfares a second time. It 
is only proper, however, that in avoiding such obstruction the 
cost of doing so should in every case be considered. 

During 1905, with copper bars at £76 per ton and lead 
at ;^I3.8 per ton, the cost of a 0.15 three-core 6,000 volt cable 
laid and jointed in cast-iron trough was approximately ;^r,i8o 
per mile. In 1907, with copper bars at ;^I22 per ton and lead 
at ;^22.5 per ton, the cost of the same cable laid and jointed 
in cast-iron troughs was approximately ;^i,56o per mile. The 
cost of trenching and reinstatement did not alter appreciably 
within this interval, and for a single or double trough trench 
30 inches deep in first-class setts may be taken as costing 
approximately ;^528 per mile. That is to say, ;^528 per mile 
would have been saved in trenching and reinstatement if two 
cables had been laid in 1905 upon the supposition that the 
second cable would not be required until 1907, two years later. 
Had a Municipal Authority been the undertaker, interest and 
sinking fund in accordance with the usual practice would have 
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had to be provided upon the capital represented by the cost of 
the second cable during the two years it was entirely unproduc- 
tive. In the case of a company, however, the charges to revenue 
during the two years considered would have been limited to 
depreciation alone. 

In 1905, loans for twenty-five years were granted to Municipal 
Authorities at 3J per cent, corresponding to an annual payment 
for interest and sinking fund of approximately 6 per cent, of 
the capital borrowed. In the example before us, therefore, with 
an unproductive capital amounting to ;£"i,i8o per mile of cable 
sunk for two years, the charge to revenue would have amounted 
to £141.6. On the other hand we should have effected an 
economy of ;^528 on account of trenching and reinstatement, 
leaving a saving of £^86.4 per mile. 

The above example, however, does not take into account 
three other very important factors. These are : — 
(a) The variation of the money market, 
(d) The variation of the metal market, 
(c) Depreciation, 
during the period of two years considered. For instance, loans 
were obtainable on a twenty-five years' basis in 1907 at about 
4^ per cent. 

The rise in the price of metals increased the price of the 
cable from ;^i,i8o to ;^i,s6o per mile during this period. 

The depreciation, in the ordinary sense, of the cable was 
discounted by the enhanced value of the metals used in its 
construction. 

Taking into account the variations which occurred during 
the two years considered, a Municipal Authority putting down 
an extra cable in 1905 would have made annual repayments 
for interest and sinking fund during the twenty-five years* life 
of the cable, amounting in all to about £1^770 per mile. Had 
it deferred putting down the cable till wanted in 1907 and raised 
a loan then for the purpose, the total repayments on account 
of same during its life of twenty-five years would have amounted 
in all to about ;^2,640, a difference of ;^870, which, added to the 
saving in trenchwork of ;^386.4, represents a total saving of 
£i,2$6.4y ^-^-j more than the entire cost of the extra cable 
itself if laid in 1905. 

The scope of the present chapter will not permit of carrying 
this point further, but the example given will show the import- 
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ance of considering the extensions of an undertaking side by 
side with the prices holding in the money and metal markets 
respectively. 

With regard to item No. 3 and the replacement of obsolete 
or inefficient plant by other of modern and more economical 
type, Municipal Authorities are very much in the hands of the 
Local Government Board in this respect, who may or may not 
grant a fresh loan until the original loan obtained upon the 
obsolete plant has been paid off; and unless the electricity 
undertaking is in the fortunate position of having a reserve fund 
put by out of revenue to cover depreciation and obsolescence it 
may be saddled with inefficient plant until it has run its naturial 
life and the full interest and sinking fund instalments have been 
paid. 

As an example illustrating this point, we may take trans- 
formers. In 1902 the average price of a 100 k.w. oil-cooled 
E.H.P. transformer was approximately ;^ioo, and the average 
magnetising loss on open circuit of this size of transformer about 
1,200 watts. In 1907, in spite of the increased value of copper, 
the average price for this size and type of transformer remained 
approximately the same, but the magnetising losses of some 
of the best types were as low as 450 watts and averaged 
600 watts. A loan obtainable in 1902 at 3 J per cent, interest 
would represent an annual charge to revenue of £S.7 per ;^ioo 
borrowed on the basis of a fifteen years* life. On the other hand 
loans effected in 1907 at 4 J per cent, would represent an annual 
charge to revenue of ;^9.3 per ;^ioo borrowed. Now in order to 
arrive at a financial result we shall require to know the value 
of the magnetising units in each case. 

Assuming the old transformers to be scrapped and new ones 
substituted the annual charges to revenue will stand as follows : — 



100 Kw. Transformer, 1902. 



Interest and Sinking 
Fund 



£S.7 



£S.7 



100 Kw. Transformer, 1907. 

Interest and Sinking Fund — 

New Transformer - - £9.3 
Old Transformer - - 8.7 



£1^ 



In the case considered it will be found that for the number of 
magnetising watts required by the new and old transformers, ?>., 
600 and 1,200 respectively, it will pay to entirely scrap the old 
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transformers if the cost per unit of magnetising energy exceeds 
0.4256. 

With regard to consideration No. 4, it will be unnecessary 
to discuss at length the various rivals to the applications of 
electricity in its various branches. The keen competition of 
high-pressure incandescent gas lamps is now being met with 
flame arc lamps and metallic filament glow lamps. The com- 
petition of petrol-driven vehicles must be met by efficiently 
operated electric tramways, and the competition of isolated 
steam, suction gas, and other plants by electric power supply 
undertakings designed and worked upon a thoroughly sound 
financial basis. The developments of each competitor must be 
carefully and closely watched and kept ahead of by the electrical 
undertaking in its business capacity, its extensions and develop- 
ments in every direction. 

This brings us to the consideration of a state of affairs which 
has sometimes arisen in recent years, and which may prove 
competition of a serious nature to an existing electricity 
undertaking, or may, on the other hand, prove of material 
assistance, according to circumstances, that is, the possibility of 
a supplementary electricity supply being given by a Power 
Company situated without an area already served by an existing 
electricity undertaking. 

In the event of an undertaking serving a definite area finding 
it desirable from want of capital, space for extension, or other 
reasons to supplement the supply of energy to its existing 
cable system by purchasing energy from an outside source, it is 
apparent that to obtain the full benefit of the dual supplies they 
should be capable of being worked in parallel, if discontinuity 
is to be avoided whenever change-over operations become 
necessary. In view of the many uses to which electricity is 
now put, and which demand absolute continuity in the supply, 
such interruptions as would be involved by changing over 
operations without paralleling could generally not be tolerated 
upon an extensive system. 

In considering the feasibility of parallel working between 
the Power Company^s system and the city supply system, we 
are met with such considerations as the synchronising of the two 
systems, the maintenance and sharing of the load between them 
in due and proper proportion, and the combined regulation of 
pressure at the city end of the Power Company's line. 
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If we assume certain substations within the city area are 
allocated to the Power Company to deal with, it will probably 
first be necessary that the line pressure of the Power Company 
be transformed to a pressure corresponding to that adopted 
upon the existing high-pressure feeders in connection with the 
city substations, to render the dual supply available, and 
secondly, transformed within the substations to the correct 
pressure in ordinary use by the existing consumers. As to 
whether the Power Company can under these conditions give 
a supplementary supply upon the same basis as the City 
Authority will depend upon the relative cost per unit of 
electrical energy delivered to the distributing network by the 
City Authority and Power Company respectively. 

Bearing in mind that areas allocated to the Power Company 
would in general be outlying districts, the load factor may 
possibly be of a low order. If due to a lighting load pure and 
simple, we may assume a load factor of, say, 13 to 14 per 
cent. 

Now the all-day efficiency of transformers working upon 
an extensive private lighting system with a load factor of 
13 per cent, was found to be Sy per cent., that is to say of the 
total number of units per annum reaching the city from the 
Power Company's station, 13 per cent, would be accounted for 
in iron and copper losses in the transformers if it was necessary 
to convert the supply to the working pressure of the existing 
substations. In addition to this loss there is, of course, the 
transmission loss to be taken into account. We have, therefore, 
also to determine what the annual loss in the line would amount 
to under the conditions of the load factor assumed. 

With the lighting load curves referred to having an iaverage 
load factor of 13 per cent, for summer and winter, it was found 
that the square root of the mean square value of the load 

current throughout the year was very closely a third, ie.y of 

the maximum current in the same interval. Using this value 
we can now arrive at figures for annual transmission loss given 
the maximum load current and resistance of the line. 
For example assume : — 

Voltage of transmission = 20,000 volts. 
Drop in line at full load = 8 per cent. 
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Then we get : — 

Annual transmission loss - 2.48 per cent. 

Annual transformation loss - - 13.0 „ 



15-48 „ 



In the above example it is obvious that the Power Company 
could profitably supply the City Undertaking upon its existing 
basis of cost per unit if their own costs per unit were more than 
15 per cent, below those of the City Undertaking under the 
working conditions assumed. 

There are so many technical points of difference between 
the transmission of power by overhead conductors and by 
underground cables, that it may be advisable to review some 
of the more important of these briefly at this stage before 
discussing them in closer detail later on where analogous 
considerations arise with underground cables. We may review 
these conveniently under the following headings : — 

Working Pressure 

Impedance and Capacity. 

Maximum Economy. 

Protection from Lightning. 

Working Pressure. — Up to the beginning of 1908 line 
insulators of pin type were largely in use in America and on 
the Continent with working pressures limited to about 60,000 
volts. About this time the suspension type of insulator came 
into use, consisting of porcelain discs about 10 in. in diameter 
suspended one below the other. The number of discs required 
in series depends upon the line pressure, each disc being 
nominally capable of resisting a pressure of from 25,000 to 
30,000 volts (Fig. i). 

With this type of insulator, the pressure which can be used 
upon the transmission line is only limited by the formation of 
the " corona '* or brush discharge from the wires, which occurs 
at what is called the critical voltage and depends upon the 
diameter of the wires, their distance apart, atmospheric con- 
ditions, &c. 

The loss of power which occurs frorh atmospheric dispersion 
after the critical voltage is reached becomes very heavy, accor- 
dingly, this point has become of primary importance in the 
design of high-pressure transmission schemes. 
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With a line pressure of between i so,cxx) and 200,000 volts it 
would appear that the limit has been reached in the voltage 
which can be employed on overhead lines using bare conductors, 
unless the wires are of abnormally large diameter or some special 
insulating covering be applied to the conductors to prevent the 

formation of the "corona "and consequent 
heavy loss of power in transmission. 

Impedance and Capacity. — The 

impedance of the overground line will 
be directly affected by the spacing of the 
wires and the frequency adopted with 
the system. The charging or capacity 
current of the line will be proportional 
to the working pressure, the frequency 
of the system, and will also depend upon 
the spacing of the line wires. 

The spacing of the wires varies some- 
what with different schemes. In the case 
of the 50,000 volt lines in the South of 
France the line wires are spaced 5 ft. 9 in. 
apart. In America spacings of 7 ft. and 
10 ft*, are common. A spacing of 10 ft. 
between wires would appear to be as 
great as can be efficiently adopted in 
most cases, owing to the fact that the self- 
induction of the line becomes of import- 
Fi(.. I. atice in increasing the reactance drop and 

reducing the power factor of the system. 
This will be seen from an inspection of the following table : — 





Table V. — Three 0000 S.W.G. Wires Carrying 100 
Amperes jog Miles at Frequency = 60 Cycles. 



Distance between 
Line Wires. 


C.R. Drop per 
Line Wire. 


Inches. 

36 

48 

70 

120 


Volts. 

3,367 
3,367 
3,367 
3,367 



Inductive Drop per 
Line Wire. 



Volts. 
6,560 
7,020 

7,430 
8,180 



Total Drop between 
Line Wires. 



Volts. 
12,730 

13,500 
14,130 
15,350 
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The general practice is to run two lines of three wires each, 
one set on each side of a steel lattice work tower suspended by 
means of three cross arms. Typical arrangements are shown in 
Figs. 2 and 3. 

The frequencies most usually adopted on the Continent are 
25 and 50 cycles, and in America either 25 or 60 cycles. The 
use of the higher frequencies on long transmission lines is 
accompanied by largely increased reactive drop on the line, and 
also a proportionate increase in the charging current. 



Table VI. — Charging Current at 60 Cycles of 100 
Miles of Three-Phase Line 0000 S.W.G. Wires. 



1 

Pressure between 
Line Wires. 


Distance between 
Line Wires. 


Charging Current 

in Amperes, per 

Line Wire. 


Apparent 
Kilowatts. 


Volts. 
10,000 
20,000 
50,000 
100,000 


Inches. 

36 

48 

70 

120 


7.5 
14. 1 

32.6 

59.2 


130 

489 

2,825 

10,250 



As the inductive drop upon the line will be proportional to 
the working current, this, as may be seen from Table V., is 
in the case of long transmission lines strictly limited, and will 
not generally exceed 100 amperes. 

A further consideration limiting the working current is that 
of power surges or rises in pressure which occur when the line 
is broken or short circuited. The abnormal pressure rises 
encountered under such conditions are found to depend entirely 
upon the value of the current. It thus happens that a line 
working at 30,000 volts with a load current of 100 amperes may 
experience greater surge pressures than a line working at 60,000 
volts with a load current of 50 amperes. 



Maximum Economy. — The direct application of Kelvin's 
law to the transmission line gives the conditions under which 
the cost of transmitting a given amount of power along the line 
is a minimum. It does not, however, take into consideration 
the cost of insulating the line for extra high pressures, and this 
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becomes of much greater importance in the case of underground 
cables. 

The usual condition applied to an overground transmission 
line is : — 



Total cost of transmitting power _ 
Revenue earned 



a minimum. 





^ 




1 V 


V 1 

">4 


1 y 
1 y 

1 y 






1 >v 

1 ^ 

1 >. 


y 1 
y 1 

y ' 
y 1 


1 y 
1 y 

4-' 


^4 







Fig. 2. 



In this case the charges for interest and depreciation on the 
total cost of the line will be equal to the cost of the C^R losses 
for maximum economy. 

Under some conditions the drop in pressure along the line 
would be too great to enable regulation for constant pressure at 
the receiving end to be efficiently carried out if the most 
economical section of conductor were employed as given by 



Technical Considerations 



15 



Kelvin's law. Under other conditions also the application of 
the law may be precluded by the excessive heating of the 
conductors. 

Induction boosters placed at the distributing ends of trans- 
mission lines for compensating the line drop are adopted in 
some cases. This apparatus is, however, large and expensive, 
and it would appear that the more general practice with trans- 
mission schemes now is to vary the generator voltage with the 
load, keeping the line drop within the economical range of voltage 
regulation of the generator. 

It is usual to keep the copper drop on the line down to 






Fig. 3. 



about 10 per cent., the total reactive drop at full load being 
about 1 5 per cent. This allows of regulation for approximately 
constant pressure at the receiving end of the line by the adjust- 
ment of the generator voltage. 

The generators are mostly separately excited by inde- 
pendently driven exciters, and have a range of regulation in their 
voltage of as much as 25 per cent, in some cases. 

It is interesting to note that the application of Kelvin's law 
in a modified form to many of the high-pressure transmission 
lines found abroad indicates that the very high working pressures 
adopted are in keeping with the conditions of maximum economy. 

The conductors used for overground transmission are, in 
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general, constructed of cable consisting of seven or nineteen 
strands, which have greater flexibility than solid drawn con- 
ductors. The metals used in the construction of the line are 
either of copper or aluminium, steel being used, however, in very 
long spans. The relative advantages of copper and aluminium 
for this purpose may be briefly stated as follows : — 

Copper. Aluminium. 

Greater mechanical strength. Lighter than copper for same con- 
Easily soldered and jointed. ductivity. 
Corrosion less likely than with Less expensive. 

aluminium. 

Smaller coefficient of expansion Less danger of '* corona " effect and 

than aluminium, and, therefore, loss from atmospheric disper- 

less sag. sion. 

Less cross section for the same Less rise in temperature for the 

resistance than aluminium, and, same resistance and working 

therefore, not affected to the current than with copper. 

same extent by wind pressure. 

Although aluminium has been extensively employed for 
overhead transmission lines, some of the later schemes are 
adopting stranded copper conductors. 

Protection from Lightning. — The protection of the overhead 
transmission line from lightning discharges is of the greatest 
importance, although engineers in charge of high-pressure lines 
seem somewhat dubious as to the efficacy of most forms of 
lightning arrester. The lightning arresters in most general use 
are of electrolytic type arranged with a spark gap between them 
and the line. 

As a further safeguard against lightning, an earthed wire is 
run the whole length of the line supported at the top of the 
transmission towers and situated about 6 ft. above the line 
conductors. Spark gap arresters are, in this case, generally also 
connected to the line. 

The general experience is that transmission lines insulated 
for such high pressures as 100,000 volts appear to be much less 
affected by lightning than lines used at lower voltages. 



CHAPTER II 

TRANSMISSION LOSSES 

An account of the losses entailed by the transmission of 
electrical energy with underground cables of three-phase type, 
paper-insulated, lead-covered, and laid in cast-iron troughs or 
armoured with steel, must include the consideration of the 
following : — 

a. Copper, or C^R, loss due to the ohmic resistance R 
of the cores of the cable and the square of the load current C 
at every instant. 

b. Dielectric hysteresis, or the loss due to mechanical 
stresses in, and the heating of, the insulation ; the specific in- 
ductive capacity of the insulation also allows a condenser 
current to pass and gives rise to a further C^R loss in the cores 
of the cable. 

c. Sheath loss due to currents induced in the lead sheath 
of the cable by the varying magnetic field produced by the 
alternating currents in the three cores of the cable. 

d. Iron loss due to hysteresis proper, and eddy current loss 
due to the magnetisation of the steel armouring or cast-iron 
trough enclosing the cable. 

With regard to the above it is first to be noted that losses 
<?, ^, and d depend upon the square of the load current, 
whereas loss b is independent of this load current, except in 
so far as it may increase the temperature of the cable and 
diminish the resistance of the dielectric. 

Copper Losses. — As regards a^ with a varying load curve 
such that Ci, c^, &c., represent values of the load current during 
intervals Z^, t^, &c., and R represents the resistance in ohms 
of one core of the cable, the total loss in units (with a three- 
core cable) in any given period is 



1,000 
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units. 
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where /p A, &c., indicate the intervals during which the load 
current had the corresponding values c^, c^, &c. 

If we denote by Ctn the average effective current and by T 
the total period considered, we have : — 

C2wT = ri% + r22/^ + &c., 



or 



Cm = Ar^ i + ^2% + &c. 



That is, for any given load curve, the losses during the interval 
T would be the same as if the current had remained of constant 
value Cm, which is obviously the square root of the mean square 
of the current varying according to the load curve considered. 

Dielectric Losses. — With regard to dielectric loss 6 it may 
perhaps be as well to consider briefly at this point the physical 
phenomena associated with insulating media subject to electrical 
pressure. 

A .OS sq. in. three-core 20,000 volt cable, paper-insulated, 
has, when well constructed, an insulation resistance of about 
1,000 megohms per mile at a temperature of 70° Fahr. This 
means, of course, a certain amount of leakage current, but 
as the loss per mile from this cause or the C^R loss in the 
dielectric only amounts to 1.2 watts it is entirely negligible, upon 
the assumption of constant insulation resistance under electrical 
stress. 

The capacity current of the same 20,000 volt cable, assuming 
a sine pressure wave free from harmonics at 50 cycles, would be 
approximately 0.74 ampere per mile, although in practice it might 
be much greater due to harmonics. The copper loss due to this 
current is given by C^R (C being the charging current, and R 
the resistance of one core of the cable), and is only 0.4 watts 
per mile, and, therefore, for short cables also negligible. It 
might appear, therefore, that the really important loss must be 
looked for elsewhere, and was to be found in the so-called 
dielectric hysteresis loss of the cable. It will be shown, however, 
in what follows that the open circuit copper loss under certain 
conditions with long cables may considerably exceed the so- 
called dielectric loss. 

When a tube of insulating material is subjected to a difference 
of electrical pressure between its inner and outer face, the material 
is electrostatically strained with a molecular displacement which 
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may finally end in the complete rupture of the material if the 
difference in pressure prove sufficient. If the pressure be 
removed, the molecular displacement would appear in most cases 
to gradually recover its normal unstrained condition, accompanied 
by an electrostatic phenomenon generally known as a soaking 
out of the charge. Whatever may be the real mechanism of 
this phenomenon the result remains that with rapidly alternating 
pressures molecular vibrations are set up in the dielectric, heating 
it and causing a loss of energy in a similar manner to that in 
which the rapid alternate magnetisation and demagnetisation of 
a piece of iron causes energy to be frittered away in the form 
of heat 

Associated with this loss due to molecular vibration in the 
dielectric is another effect, that is, the decrease in resistance of 
the dielectric as the time of its electrification is made shorter 
and shorter. This is well seen by the decrease in the deflection 
of a mirror galvanometer used to measure insulation resistante 
by the direct deflection method as the time of electrification or 
period of the test is extended, usually to an interval of one 
minute. Now with a cable subjected to an alternating E.M.F. 
it is obviously charged during one-quarter of a period, and hence 
the period of electrification is only one-fourth of the periodic 
time, and thus exceedingly short, Le,^ between yj^ second and i\js 
second, with frequencies of 25 and 100 periods per second 
respectively. It would, therefore, appear that the resistance of 
a dielectric to an alternating pressure may be many times less 
than would be deduced from ordinary measurements of insula- 
tion resistance, and consequently the loss due to the dielectric 
acting as a conductor may be proportionately increased. 

The charging current flowing into a cable due to capacity 
alone would have a phase difference of 90° in advance of the 
pressure, and would, therefore, be wattless. Owing to the copper 
resistance, however, of the conductors this phase difference is not 
exactly 90^ since the copper loss has to be supplied by means of 
a small power factor. Finally, the losses due to hysteresis and 
conduction in the dielectric must also be supplied by the charg- 
ing current and pressure, and these losses, accordingly, increase 
the power factor of the cable to the necessary extent by bringing 
the pressure and charging current more nearly into phase. 

It may be shown that, for the purpose of calculating the 
charging current which will flow into a three-phase cable with 



20 Three-Phase Transmission 

symmetrical cores when subject to an applied pressure of sine 
wave form, we can assume that the three conductors themselves 
possess no capacity, but that they are each connected to the lead 
sheath of the cable by a condenser having an effective capacity 
which we may denote by K. 

If we measure the capacity in microfarads between one core 
and the other two cores connected to the lead sheath and call 
this value Ki ; also measure the capacity between all three cores 
bunched together and the lead sheath and call this value Kg, 
then the value of the effective condenser capacity we have 
denoted by K is given in microfarads by the following expres- 
sion : — 

K=i.5Ki-.i66K2. 

It is well known that with a sine wave of effective pressure 
V volts and frequency n complete periods per second applied to 
the terminals of a condenser of capacity K microfarads, the 
charging current C in amperes is given by the expression : — 

27rV«K. 



C = 



lO® 



We are, therefore, in a position to calculate the charging current 
of our three-phase cable. 

Let us take as a practical example a modern three-phase .05 
sq. in. paper-insulated lead-covered cable constructed for a 
working pressure of 20,000 volts between conductors, 10 miles in 
length, connected to a star-wound generator with earthed neutral 
point and developing a pure sine pressure wave. 

Capacity measurements gave the following results : — 

One core versus two other cores connected to lead sheath, /.^., Kj -- 

1.7 microfarads. 
All three cores bunched versus lead sheath, />., Kg = 3 microfarads. 

Our effective condenser capacity, /.^., K, is, therefore, 

K = 1.5 X 1.7 - .166 X 3 = 2.06 microfarads. 

20 000 

Now the effective pressure charging this condenser is pr— 

or 11,500 volts above earth potential. 

Hence our charging current per conductor C is given by : — 

^ 27r X iT,i;oo X i;o X 2.06 

C = — —■ = 7.45 amperes. 
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It may be mentioned here that a .05 sq. in. three-core 
20,000 volt paper-insulated cable with a dielectric of ^ inch 
between cores and lead sheath, when pressure- tested at 40,000 
volts and frequency of 84 cycles for four hours between one core 
and two others connected to lead sheath, was found to have 
increased in temperature by 36° Fahr. Similarly with a pressure 
of 30,000 volts the temperature rose 16' Fahr. in nine and a half 
hours. This temperature rise is nearly altogether attributable to 
dielectric loss, since the length of cable tested was a short one, 
and, therefore, the copper loss small. Wattmeter measurements 
showed the power factor of this cable to be about .028 with the 
wave form used in the test, and it would, therefore, appear that 
the dielectric loss with this cable in practice would be about 
.7 kw. per mile. As will be shown later, however, the power 
factor of any cable and the charging current will be largely 
influenced by the presence of harmonics in the wave form of the 
applied pressure. 

Probably the earliest attempts to measure dielectric losses on 
practical cables were those made upon the Deptford 10,000 volt 
Ferranti mains by Mr D'Alton, when Chief Engineer to the 
City of London Company. The method of experiment consisted 
in carefully indicating an engine driving an alternator between 
such times as one cable after another was switched on or off. 
These measurements seemed to have corresponded with a power 
factor of .02 or a total loss of about i kw. per mile of cable. 
Various other methods have been adopted by other experi- 
menters. Some of these results have been collected for refer- 
ence in Table VII. 

From these experimental results it is evident that we shall 
in general be fairly safe in assuming the power factor of a 
well-constructed paper cable to be about .028. The energy loss 
in watts W going on in the dielectric of a three-phase cable 
Into which a charging current of C amperes is flowing under the 
effect of an applied pressure between conductors of V volts is, 
accordingly, given by : — 

W = C.V. V3X.028. 

If the cable is a very long one, the C^R loss due to the 
charging current C flowing through the conductors of the cable 
of resistance R will become of importance, and may considerably 
exceed the dielectric loss. 
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Table VII. 



Authority. 


Type of Cable 

Working Pressure and 

Frequency. 

Deptford Mains 
Ferranti C.C. 
paper - insulated 
cables, 10,000 
volts, 87 ~ 


Power Factor 
Observed. 


Method of Measure- 
ment. 

Indicating engines 
while cables were 
switched on and 
oflf. 


D'Alton - 


.02 


Sparks 


V.LR. C.C. cable, 
2,000 volts, 100-' 


.034 


D.C. motor-driven 
alternator. 


Mather 


V.LR. C.C. cable 

2,000 volts, lOO'^ 


.034 


Wattmeter method. 
Cable alone, and 
in parallel, and 
series with iron- 
less choker. 


Ayrton and 
Mather 


British Insulated 
and Helsby C.C. 
paper cable, 
2,000 volts, 100 ~ 


.024-.028 


Wattmeter method. 
Ironless choker 
in parallel and 
series with cable. 


Do. - 


Silvertown V.LR. 
C.C. cable, 2,000 
volts, 100 ~ 


.028 


Do. 


Mordey and 
Minshall 


V.LR. C.C. cable, 
2,000 volts, 100 ~ 


.124 


Thomson record- 
ing wattmeter. 


Do. - 


V.B. C.C. cable, 
2,000 volts, 100 ~ 


.124 


Motor-driven alter- 
nator. Swin- 
burne wattmeter. 


Hoor 


Paper cable, 2,000 
volts, 50 ^ 


.025 


Wattmeter. 


British Insulated 
and Helsby 
Cables Ltd. 


Helsby rubber 
cables, C.C. 50 -' 
and 100 /-, 2,000 
volts. 


.0228-.0255 


Wattmeter and 
choker as in 
Ayrton's experi- 
ments. 


Do. - 


Three-core .05 sq. 
in. 20,000 volt 
paper cable 


.028 


Do. i 

1 



To arrive at the value of this copper loss due to the charging 

current we must bear in mind that this current continuously 

diminishes in value as it travels along the cable from the sending 

end. In the case of any one core of a cable of resistance R ohms 

into which a charging current of C amperes is flowing at the 

sending end, it is readily shown that the total copper loss W in 

watts is given by : — 

W = ^C2R, 
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or the equivalent current Cj which would produce the same loss 
if uniformly distributed along the cable is 
C, = V|C. 
Taking all three cores of our three-phase cable into con- 
sideration, we get the total copper loss, C^R. 

Lead Sheath Losses. — The sheath losses in the case of a 
three-core cable will depend upon — 

1. The distribution and variation in the magnetic field set up 
by the currents in the cable cores in air or other non-magnetic 
medium. 

2. The extent to which 
this field is augmented by 
the cast - iron trough or 
steel armouring by which 
the cable is enveloped. 

3. The ohmic resistance 
of the lead sheath to the 
currents induced in it by 
the E.M.F. produced by the 
varying magnetic field. 

It has also been fairly 
well established experi- 
mentally that the following 
laws hold with regard to 
sheath loss : — 

1. It is directly proportional to the length of the cable. 

2. It increases as the square of the current in the cores. 

3. It is very nearly proportional to the square of the 
frequency. 

4. It is inversely proportional to the resistance of the lead 
sheath, and hence approximately proportional to its thickness 
with a given diameter over dielectric. 

If we imagine the lead sheath divided into three segments, 
each situated symmetrically over one core of the cable. Fig. 4, 
the total current in each segment will be in quadrature with the 
current in the core adjacent to it, and its value may be approxi- 
mately arrived at by calculation from the known relation between 
two mutually inductive circuits in air: — 
I _ a^ rwMIi 
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To get a rough idea of the manner in which the E.M.F/s 
are induced in the lead sheath we will assume that the current 
in each conductor rises to a maximum, decreases and passes 
through zero to a negative maximum in accordance with a sine 
law. If at time o we suppose the current in core No. i, C^, to be 
ICO amperes, the successive values of the currents C^, C2, C3 at 
equal time intervals of 30" will be as shown by the following 
table : — 

Table VIII. 



Time. 


Ci. 


C,. 


c,. 

86 



30 


100 
86 


50 



60 
90 


50 



50 
86 


100 
86 


120 
150 


50 
86 


100 
86 


50 



180 


100 


50 


50 



If we imagine the currents induced in the three segments 
of the sheath to have equal values to those in the three cor- 
responding cores, their relative values are given by the first and 
fourth, second and fifth, &c., lines in the above table. 

Now it is evident that although, owing to the symmetrical 
arrangement of the three cores of the cable, the variation in the 
distribution and strength of the field throughout a complete 
cycle may be calculated and plotted in a diagram, provided no 
magnetic material such as an iron envelope is in the neighbour- 
hood of the cable ; yet it is difficult to predict to what extent 
the field produced by the cable cores is augmented by iron 
envelopes such as cast-iron troughing or steel armour, and, 
further, in what manner the natural distribution of the field is 
interfered with. 

In order to test this point the writer prepared a search coil 
of rectangular form 22 cm. in length and i cm. in width, and 
composed of 124 turns of fine wire. The search coil was suffi- 
ciently narrow to allow of its being inserted in any position 
round the periphery of the cable, illustrated by Fig. 4 (the 
usual jute layer between armour and lead having been removed), 
or in a similar manner between the lead sheath and the cast- 
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iron troughing enclosing the cable. Direct currents were then 
passed through the three cores of the cable corresponding in 
value and sign to those at different instants throughout a 
complete period when working three-phase. 

The search coil having been previously connected to a 
carefully standardised Ayrton & Mather Ballistic Galvanometer 
the throw of the needle when the direct current circuits through 
the cores were interrupted was carefully noted. 

The following readings (Table IX.) illustrate the results 
obtained : — 

Table IX. 



Diagram. 


Particulars of 
Cable. 


Position of Search 
Coil and Strength 
of Field in C.G.S. 


Position of Search 
Coil and Number 
of Times Field is 
Greater than with 
Cable Unenclosed 


erage Increase in 
Id at Three Posi- 
ions, A, B, C. 


















A. 


B 


C 


A 


B 


c 




A 


Unenclosed 


1.73 


2.38 


1.79 


• • • 


• • • 


• • • 


• • • 


In C.I. trough - 


3-04 


4.61 


2.38 


1.75 


1.92 


1.33 


1.66 


' 


Steel armour - 


2.28 


3.72 , 2.53 

1 


1.32 


1-55 


1.41 


1.42 


A 


Unenclosed 


1. 19 


.198 


2.71 


• • • 


• • • 


• • • 


• • • 
• 


In C.I. trough - 


2.5 


.228 


4.6 


2.08 


I. II 


1.7 


1.63 


8 


Steel armour - 


1.68 


.34 


3.73 


1.41 


1.69 


1.38 


1.47 



It might appear at first sight that the above values obtained 
for strength of field under various conditions are much smaller 
than would be expected from the large currents traversing the 
cores of the cable. The explanation is, however, not far to seek, 
and the discrepancy is due to the fact that as the plane of the 
coil was necessarily tangential to the circumference of the cable 
the direction of the lines of force was in no case normal to the 
plane of the test coil. Nevertheless a comparison of such 
readings, taken with as nearly as possible identical positions of 
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the search coil and the same current values first without and 
then with the iron envelope surrounding the cable, should still 
represent with close approximation the extent by which the 
external field of the cable is augmented by the troughing or 
armouring. 

Coming now to the direct measurement of lead sheath losses 
upon underground cables, this is in practice usually accompanied 
by some difficulty arising from the following amongst other 
points. 

(i) The loss to be measured is generally such a small fraction 
of the total load carried by the cable at high pressure that direct 
measurement by the ordinary switchboard wattmeters is out of 
the question. 

(2) Measurement by currents at low potential are likely to 
be seriously affected by variation in the copper resistance of the 
cable from rise in temperature during the test, on account of the 
large currents usually necessary to reproduce working conditions 
of field, &c. 

If the three cores of an underground high-pressure cable be 
joined together at the far end and three-phase current at low 
pressure be passed through the cable, from observations of the 
potential difference V in volts between the cores of the cable 
and the current C in amperes flowing into each core at the 
sending end, the impedance per core in ohms is given by 

V 



J3C' 

If we measure also the copper resistance per core R in ohms 
the product CR gives us the effective E.M.F. (e). 

Owing to the fact, however, that the lead sheath of the cable 
is acting as a closed secondary circuit to each core of the cable as 
a primary circuit, the power factor cos (f> will not be given by the 

quotient ^- '^, since the effect of the closed secondary will be to 

V 

bring the impressed pressure — p and the effective pressure (e) 

more nearly into phase than is indicated by the value of <l> so 
obtained. Oscillograph records of P.D. and current in the case 
of a cable of the size shown in Fig. 4 showed that <f> was small, 
and hence cos <l> was practically unity. 
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There is no doubt, however, that the lead sheath losses will 
lie between the values 



C(— 7=-^j and C(— T-- cos <l>-ej, 



-Js 



or the apparent watts less copper watts with assumed angles of 
.lag zero and ^ respectively. 

It may, therefore, be of interest to ascertain the maximum 
values such losses could reach in practice. 

In Table X. are set out observations made upon a length of 
5,480 yds., z.e.y 3.1 1 miles, of this, 0.15 sq. in. three-core 6,000 
volt cable, having a lead sheath 0.25 in. in thickness, and enclosed 
in a cast-iron trough 4^ in. by 4^ in. by f in. in thickness, the 
full-size section of the cable being given by Fig. 4. 

The resistance of each core was found to be 0.901 ohm. 



Table X. 



Amps. 
C 


V 

V3 


vc 

V5 


C2R 




24.5 


25 


612 


541 


71 


30.8 


30.5 


940 


853 


87 


35.4 


35.2 


1,246 


1,127 


119 


34.1 


34.3 


1,175 


1,048 


122 


31.25 


31.25 


975 


880 


95 


' 25.5 


25.6 


652 


587 


65 



From the above table, allowing for ordinary errcM^ of observa- 
tion in the readings of ammeters and voltmeters, it will be seen 
that the maximum loss as represented by the last column in- 
creases closely as the square of the current in the cable cores. 
Assuming the full load current of this cable to be 130 amperes per 
core, the maximum loss per mile with all three cores would be 



( 



122 



130x2 

) X X -ij say= 1,710 watts. 

34.1/ 3.11 '^' ^ " 



Now it was found that the effect of the cast-iron trough was 
to increase the strength of field surrounding the cable by 
1.64 times, whereas steel armouring increased the strength of 
field by 1.44 times its value in air. 

As the sheath losses will vary as the squares of these 
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numbers we arrive finally at the following maximum values of 
the lead sheath Ipsses in the cable considered. 



Table XL — Loss in KVV. per Mile at 130 Amperes 

PER Three Cores at 50 -. 



Cable enclosed by 
C.I. Trough. 


Cable enclosed by 
Steel Armour. 


Cable unenclosed 
in Air. 


I.71 


1.320 


.636 



Board of Trade Regulations. 

Having briefly reviewed the nature and order of the losses to 
be met with in underground E.H.P. three-phase mains, it is of 
interest to consider at this stage the influence of the Board 
of Trade Regulations upon transmission schemes employing 
these cables. 

Regulation B, Clause 2, of the E.H.P. Regulations of the 
Board of Trade, dated 1906, reads as follows : — 

" A main for an extra high-pressure supply shall not, without the consent 
in writing of the Board of Trade, be used for the transmission of more than 
1,000 kilowatts unless adequate provision is made for an emergency supply 
in the event of the breakdown of the main." 

Although the Board of Trade will, in accordance with their 
usual practice, consider each case upon its merits, and in general 
issue their consent in cases where the commercial aspect of the 
question would otherwise irretrievably hinder electrical progress, 
yet the result of the 1,000 kw. limit per cable if rigidly 
enforced would prove somewhat hard upon some electrical 
undertakings, as will be shown in what follows. 

The first point which will be at once apparent is that a 
number of similar cables in parallel will be required according to 
the load to be transmitted to each point, and since on the 
grounds of safety the Board of Trade recommend that trunk 
feeders should, if possible, take different routes, the cost of 
trenchwork will in general be in proportion to the number of 
cables required. In addition extra expense is involved in the 
cost of cable. For instance, with a 20,000 volt transmission, two 
.025 three-core cables laid and jointed would cost ;^2,528 per 
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mile as compared with ;^i,S44 per mile for a three-core .05 cable 
under similar conditions. 

The second point to be considered is the effect upon the 
working losses if each cable be laid for transmitting 1,000 kw. 

In considering this point, we must first settle the means to 
be adopted for maintaining approximately constant pressure at 
the receiving ends of the cables. 

For the purpose of distributing electrical energy over any 
extended area, one or several generating stations, according to 
the nature of the problem, may be efficiently employed. There 
is, however, in every case the consideration of pressure regulation 
at the generating stations or in the substations to compensate 
for the drop in pressure in the transmission cables or the line 
loss. The large standard types of alternators used at the present 
time in power stations are not suitable for giving their output at 
widely different pressures. Since such machines are required to 
give their maximum pressure with maximum load they would of 
necessity have to be run much under-excited at times of light 
load when the line drop was small, by means of main field 
rheostats, that is, if the range of pressure variation assumed be 
greater than can be dealt with by a shunt regulated exciter. 
Under such conditions the regulation of pressure would be very 
unstable, the voltage creeping up or down after every adjustment 
of the rheostat, and every fluctuation in the load would be 
accompanied by wide variation in pressure. Quite apart from 
this, there is always present the necessity of keeping some 
circuits, if only local lighting circuits and those dealing with 
motor-driven auxiliaries, at approximately constant pressure. 

The question of boosting the whole or portion of the output 
of the generating station must in every case be considered on its 
merits, and the working costs of the booster with the particular 
load curve to be met considered side by side with the interest 
charges on the capital cost of the extra copper, which if put 
into the line or cable system would render boosting unnecessary. 
The writer has met with cases where the double transformation 
of the load to enable boosting to be effected involved an annual 
cost of as much aiS £1 per kw. transmitted with a lighting load 
curve. 

Where the station output is transmitted for lighting purposes, 
and it is necessary to supply various trunk mains of different 
length in which the peak of the load occurs at different times, 
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the adjustment of pressure at the generating station bus bars 
will not suffice to maintain constant pressure at the various 
points of distribution. If the trunk cables also transmit a motor 
load, it IS not possible to avoid by regulation at the generating 
station variations in the pressure at the distributing points 
arising from the fluctuations in the load. 

By the use of booster bus bars the pressure on one or 
more groups of trunk cables of approximately equal length 
may be adjusted simultaneously at the generating station or 
the regulation may be effected at the substation ends of each 
set of cables. 

A common form of booster for such service consists of two 
parts, rotor and stator, as in a three-phase induction motor, the 
windings in the simplest case being connected in series. By 
means of a worm gear and hand-wheel (or automatically if 
desired) the rotor can be displaced relatively to the stator. We 
have, in fact, a static transformer in which the primary and 
secondary circuits are movable relatively to one another, and, 
according to the position of the rotor, relatively to the stator ; 
the resultant pressure of the rotor or one of its components will 
add to or diminish the stator pressure. 

Such induction boosters have the advantage of possessing a 
continuous range of regulation, and also allow of fine adjustment 
throughout their range, whereas boosting transformers with stops 
only give a limited number of fixed pressures, and regulating 
switches with such transformers are usually limited to working 
voltages of between 2,000 or 3,000 volts. 

The pressure induced by the rotor windings will vary from 
zero to a maximum value positive or negative according to its 
position relatively to the stator. 

Where the regulation is required to be effected on an E.H.T. 
circuit the rotor winding of the booster is usually fed by a 
transformer, permitting of the movable portion of the booster 
working at low pressure. 

Fig. 5 illustrates the usual connections in such cases. 

Some financial considerations governing the application of 
boosting appliances will be found set out in Chapter VII. 

An alternative is to employ separate steam-driven exciting 
plant in combination with shunt or main field regulation to give 
the required variation in the pressure of the generator. 

Another method of regulation consists in employing syn- 
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chronous motors at the receiving end of the line, and by varying 
the excitation of the synchronous motors compensating for 
inductive drop in the line and low power factor. 

Each of the above boosting arrangements, however, in- 
volves ; — 



F[G, s- 

(1) Complication of switchgear and control. 

(2) Increased liability to breakdown. 

(3) Extra cost in capital and running charges. 

In general with such E.H.I', distribution schemes as are likely 
to be adopted in the British Isles, the range of regulation obtain- 
able by a direct-driven exciter upon the alternator shaft will be 
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found convenient and economical, any extra long feeders being 
regulated by boosters either at the generating station or at the 
substations. We may, therefore, discuss at some length this 
more general case. 
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Fig. 6. 



With three-phase alternators of i,ooo to 3,000 kw. output, 
the excitation required by the main field will generally be 
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between 7 and 10 kw. (see Fig. 6) involving currents of 200 
amperes and upwards in the main field, if the common practice of 
a low voltage exciter be followed ; with such machines regulation 
by rheostats in the main field requires the use of large resistances 
which are both costly in themselves and wasteful in operation 
the more economical method being the insertion of a regulating 
rheostat in the shunt winding of the exciter. This method of 
regulation has, however, the following characteristics : — 

(i) At light loads when considerable resistance is inserted in 
the shunt winding of the exciter, regulation becomes somewhat 
unstable, due to the voltage of the exciter requiring some time to 
attain a steady value after operating the rheostat, and in addition 
the weak field of the alternator is likely to cause considerable 
variations in terminal pressure with even small fluctuations in 
the load. 

(2) The total rise in the pressure of the alternator at full load 
is usually limited to about 10 per cent. 

As it will be as well to keep a margin of not less than S per 
cent, in hand of the possible regulation to cope with irregularity 
in steam supply, emergency loads, &c., and an allowance of at 
least 3 per cent, at the receiving end of the line to make up the 
voltage drop on the transformers and distribution system of 
mains, it will be seen that a line loss of 2 per cent, or thereabouts 
would be convenient (if we exclude boosting apparatus) with 
this system of generating and transmitting at extra high 
pressure. No account has been taken of the hand regulation of 
the engine governor which would generally be available, since 
the resulting variation in the frequency entailed thereby should 
be discountenanced in ordinary working. 

On the basis of a 2 per cent, line loss and the transmission of 
1,000 kw. per cable, the following table gives the approximate 
sectional area and cost, laid and jointed, of three-phase extra 
high-pressure paper-insulated lead-covered cables armoured and 
suitable for delta working at various pressures over the distances 
stated. The prices of the cables in each case are based upon 
copper electrolytic wire bars at ;^I20 per ton and lead at ;^20 
per ton, the highest prices which have held in recent years. It 
will be hardly necessary to point out that had we assumed a 
different percentage line loss and other prices for copper and 
lead similar features would have been exhibited to those illus- 
trated by the table under consideration. 

3 
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Table XI I. — Approximate Sectional Area and Cost 
OF Three-Phase Trunk Mains Transmitting i,ooo 
K.W. with a Line Loss of 2 per cent. 

The Cables are insulated for Delta working. 





5 Miles. 


10 


Miles. 


15^ 


Viiles. 


20 Miles. 


50 Miles. 


Voliap'p 


















of Trans- 
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Area 


Cost 


Area 


Cost 


Area 


Cost 


Area 


Cost 


Area 


Cost 




per 


per 


per 


per 


per 


per 


per 


per 


per 


per 




Core. 


Mile. 


Core. 


Mile. 


Core. 


Mile. 


Core. 


Mile. 


Core. 


Mile. 




L 




JL 


L 




L 


5,000 


.40 


2,928 


••• 


... 


• • • 


• • • 


• • • 


• • • 


• • • 


• • • 


10,000 


.10 


1,300 


.2 


2,034 


•3 


2,604 


.4 


3,240 


• • • 


• • • 


15,000 


•05 


1,192 


.10 


1,584 


.15 


1,955 


.2 


2,242 


.50 


4,105 


20,000 


.025 


1,264 


.05 


1,544 


.075 


1,760 


.10 


1,956 


.250 


2,958 


25,000 


• • • 


... 


•035 


1,815 


.05 


1,946 


.075 


2,220 


•175 


3,050 


30,000 


• • • 


. . . 


.025 


2,122 


•035 


2,245 


.05 


2,414 


.125 


3,140 



As might be expected, for each distance stated a minimum 
in first cost is obtainable by varying the pressure of transmission 
in accordance therewith. It is interesting to note that a trans- 
mission pressure of 20,000 volts would appear most economical 
under the conditions assumed for distances between 10 and 
50 miles. 

In addition to the economies to be effected in first cost under 
Board of Trade Regulations, it is only right to consider the 
possible economies to be effected in working where a number 
of cables in parallel are employed to transmit a given load. 

We have already seen that the copper, lead sheath, and 
armouring or iron trough losses depend upon the square of the 
load current whilst the loss in the dielectric is practically inde- 
pendent of the load current, unless unduly heated thereby. It 
is, therefore, obvious that for any number n of similar feeders 
in parallel : — 

The copper, lead sheath, and iron losses oc -, whilst the 

dielectric loss oc n. 

If we suppose the copper, lead sheath, and iron loss for 

the transmission of a certain number of kilowatts = — , and the 

n 

dielectric loss with n feeders in parallel = ^«, we have to deter- 
mine the conditions under which the total loss W due to copper, 
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lead sheath, iron and dielectric is a minimum, that is, — \-kn 

n 

must be a minimum. This is obviously the case when n — ^ — 

Take the case of 6,CXX) kw. transmitted 6 miles at 10,000 volts. 
This would mean at least six cables on the basis of 1,000 kw. 
per cable without taking into consideration a suitable number 
of spares, which would in most cases be necessary. 

The full load current in the cores of each cable would be 
about 60 amperes. 

Assume — 

(a) Copper loss at full load, 2 per cent. = 20 kw. 

Sheath loss, i kw. per mile = 6 „ 

Iron loss, 0.5 kw. per mile = 3 „ 

29 kw. 
{h) Dielectric loss, 2 kw. per mile = 12 kw. 

The most economical number {n) of feeders to use in parallel 
under the above conditions is given by 



n = a/-— = 3.8 or 4 nearly. 



If we denote by C the total load current 

C^ X J = 29 X 6 = 1 74 kw. 

where J is a constant and all six cables are working at full load. 

•** -^ ~ (60 X tf 

= i-34- 
For maximum economy 

^ /C^x 1.34 
V 12 X 10^ 
.*. « = . 01055 C. 

We, therefore, should vary the number of feeders in parallel 
according to the load for maximum economy in working, as 
follows : — 

Table XIII. 



n 



Amperes. 


Feeders. 


Amperes. 


Feeders. 


95 


I 


378 


4 


190 


2 


475 


5 


283 


3 


570 

1 


6 



36 Three-Phase Transmission 

To summarise the preceding considerations, it would appear 
that maximum economy would be effected by switching off 
trunk mains at times of light load, varying the number in 
parallel according to the load curve. In connection with this 
point it may be observed that the oscillograph has conclusively 
proved that with oil switches the operation of switching off high- 
pressure cables is perfectly safe since the current is always 
broken when passing through or about the zero value. A danger 
exists, however, in switching on an open ended cable resulting 
in the formation of oscillations of double pressure, due to reflected 
waves from the open end. This difficulty, great as it may seem, 
is not by any means insurmountable. One safety method is to 
connect a three-phase transformer to the open end of the cable 
before making it live, the secondary of the transformer being 
closed through a water resistance, subsequently disconnecting 
the transformer when the cable has been switched on. A further 
method is to arrange the switchboard with ring bus bars at the 
generating station divided into sections consisting of feeder and 
generator panels with interconnecting switches. This allows of 
any one or more trunk feeders being made live gradually, and 
paralleled with other live feeders. The objection to this method 
is the cost of starting up large generators solely for the purpose 
of making cables live. A third method is to employ a water 
resistance charging gear. A still further method is the use of 
a motor generator to make the cable live gradually but at 
constant frequency. With a well-constructed paper-insulated 
cable, however, capable of withstanding with safety a temporary 
rise in pressure of three or more times the working pressure, such 
devices would appear to be unnecessary, and the direct switching 
on of such cables becomes permissible. 

Kelvin's Law. — Kelvin's law states that the maximum of 
economy is attained in transmitting a given amount of power at 
fixed voltage at the receiving end of the line, when the annual 
cost of the C^R loss in the line is equal to the annual interest 
and depreciation charges on that part of the line the cost of 
which varies as the sectional area of the conductors. 

If the cost of one conductor of the line in £ per mile is 
expressed by A-f-B^, a being its area in square inch and A and 
B constants, e equals rate per cent, for interest and depreciation 
on capital . expenditure ; C equals average effective current in 
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amperes per wire ; K equals cost of generating i E.H.P. per 
annum, including all annual charges, then it may be shown that 
the most economical sectional area to adopt is given by : — 



« = .o755 Ca/— ^ for copper conductors, 



eB 
and the most economical current density — 



^=i3V 



— - for copper conductors. 



The average cost of i E.H.P. per annum of 8,760 hours is 
approximately ;£^6.8, with a number of hydro-electric plants, 
although this varies considerably with different undertakings. 
This figure corresponds to a total cost per unit generated of 
0.25 penny. 

1 nterest and depreciation on the capital cost of the conductors 
of the overhead line may be taken at 1 5 per cent. 

The cost of the conductors will vary with their sectional area 
and the cost per ton of the metal of which they are composed. 
With stranded copper conductors, we may assume that the 
weight per ton per mile is : — 9.36 x a approximately ; where 
a is the total sectional area in square inch. 

Thus with drawn copper at £6$ per ton, the cost of i 
mile of conductor of sectional area a square inch would be 
£6og X a. 

Under the above conditions we get for our sectional area : — 

/ 6.8 ^ 
^V 15x609 
or « = C X .00197. 

Thus if C equals 100 amperes, a equals .197 sq. in., or each 
conductor would have a sectional area of approximately .2 
sq. in. The current density is thus 500 amperes per square 
inch, and with this current density the drop in volts along each 
conductor would be about 22 volts per mile. 

It is to be specially noted, however, that the above calculation 
takes no account of the cost of insulating the line, and a more 
useful condition to apply is that the cost of the C^R losses shall 
be equal to the whole of the charges for interest and depreciation 
on the transmission line. 

The cost of flexible steel supports and insulators for a line 
insulated for 60,000-80,000 volts may be taken at ;^25o per 
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mile. With cost of copper at £6$ per ton, the cost of the con- 
ductors for a line of three wires will be ^x6ogxa — £i,S2y a 
per mile. 

Assuming a line loss of lo per cent, and amount of power 
transmitted 10,000 kw. a distance of 150 miles. The wasted 

I 000 
energy will be 1,000 kw., or — — = 6.65 kw. per mile, and the 

annual value of this -at o.2Sd. per unit is £60.7 per annum. 

This corresponds to a total capital cost for the line of £40$ 
per mile, allowing interest and depreciation at 1 5 per cent. 

The cost of insulation and supports is ;^250 per mile, leaving 
a balance for the conductors of ;^I55 per mile. 

If the conductors are of copper, we have, therefore, 

;£i55=;£i»82 7X«, or« = ^^ = .o85 sq. in. 

1027 

The line loss of 6.65 kw. per mile corresponds to a loss of 
2.22 kw. per wire and the resistance of a wire of sectional area a 
is per mile approximately : — 

^ . or in this case -^-4- = .495 ohm. 
a ' .085 ^^^ 

Our C^R loss, therefore, gives us : — 



=y 



2220 

, or 67 amperes. 



495 

Now the voltage V necessary to transmit 10,000 kw. at 
6y amperes per conductor is : — 

^r lOOOO X 1000 or u 

V = j=^ , or 80,000 volts. 

V3X67 

The CR drop per line wire is 67 x. 495 = 33.3 volts per 
mile, or for 150 miles 8,660 volts between wires, and our per- 
centage line drop is : — 

8660 

= 10.75 per cent. 

80600 ' ^ ^ 

The above example illustrates the necessity for high voltages 
being employed with power transmission over great distances in 
order to secure the conditions of maximum economy. 

It may be of interest to consider at this point the most 
economical sizes of conductors according to Kelvin's law with 
extra high-pressure transmission cables. 

If we plot on squared paper the total cost of laying similar 
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cables insulated for the same working pressure with the same 
reinstatement but having different sectional areas, we find that 
the corresponding values of total cost and sectional area give us 
points lying very nearly on a straight line. 

The total cost K per mile in £ and the sectional area S are 
in fact for normal sections connected by the law 

K = AS + B, where A and B are constants. 

Taking the cost of paper - insulated, lead - covered and 
armoured cables laid and jointed with those prices of copper 
and lead previously assumed, we find that the sectional areas 
and cost per mile are related to one another approximately as 
follows : — 

Working Pressure. Cost in £ per Mile. 

30,000 - - . . K= 10700 S+ 1860 

20,000 - - - - K= 7171S + 1200 

10,000 - - - - K= 6700 S+ 650 

If we denote hy p the rate per cent, required to cover interest 
and depreciation charges upon the cost of the cables laid, that 
part of these charges per annum per mile of cable which is 
proportional to the sectional area of the conductor is A/S, the 
constant A being given in the above table for different working 
pressures. 

The cost of the wasted energy must be considered as in- 
volving extra capital expenditure on plant and buildings 
entailed by extra plant capacity required to supply this loss, 
and the interest and depreciation charges upon such capital 
must be included in the cost per unit of wasted energy. 

If we assume a capital cost for plant and buildings of ;^35 
per kilowatt and average interest and depreciation charges at 
10 per cent, the annual cost under this heading per unit per 
annum is £^. los. 

The cost per unit of wasted energy must also include the net 
running cost per unit with the particular station under considera- 
tion, or that cost strictly proportional to the number of units 
generated. This will depend upon the load factor, the cost of 
coal and other items in any particular scheme, and must be 
determined by careful analysis of the total works cost per unit. 
For the present purpose we may assume this to amount to 
0.3 sd. per kilowatt hour, which corresponds to an annual cost 
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of ;6i2.77. Our total cost per unit per annum for wasted energy 
is, therefore, made up as follows : — 

Capital charges jCs-S 

Running „ - 12.7 



Total 



- ;^i6.2 



This corresponds to a total charge of £\2Joy per E.H.P. 
per annum. 

Assuming that the energy to be transmitted per single cable 
is limited to 1,000 kw. under the Board of Trade Regulations, 
and that this energy is utilised solely for town lighting with a 
13 per cent load factor, the maximum and average currents per 
conductor for various transmission pressures are given in Table 
XIV., and we may apply Kelvin's law to ascertain the sectional 
areas which will be most economical under the conditions 
assumed. Thus, if we allow 10 per cent, for interest and 
depreciation charges upon that part of the cable proportional to 
its sectional area, we have for the 30,000 volt cable : — 

S = .o755a/ '— X 6 = .0048 sq. in. 

V 10700 X 10 



Table XIV. 



Transmission 
Pressure. 


Maximum 
Current per 
Conductor. 


Average 
Current per 
Conductor. 


Most Economi- 
cal Section of 
Conductor. 


Volts. 
30,000 
20,000 
10,000 


Amperes. 
19.2 
28.9 

57.7 


Amperes. 

6 

9.2 
18 


Square Inch. 

.0048 

.009 

.018 



It is interesting to note the following points in connection 
with the above table : — 

1. The most economical average current density is approxi- 
mately 1,000 amperes per square inch. 

2. The sectional areas are too small to be generally adopted 
in practice on account of mechanical and other considerations. 

3. The current density at the time of maximum load, which 
would exceed 3,200 amperes per square inch with the load 
curve assumed, would be likely to cause damage to the cables 
from excessive heating. 
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4. The drop in pressure per mile of conductor at maximum 
load would be approximately 141 volts, or 244 volts between wires. 

5. For a 10 per cent, drop in the line, the maximum distance 
under the most economical transmission conditions would be 
as follows : — 

Working Pressure Distance 

IN Volts. in Miles. 

30,000 - - - - - - 7.1 

20,000 - - - - - - - 4.7 

10,000 .---.-. 2.3 

It will thus be seen that the application of Kelvin's law, 
combined with the limit of 1,000 kw. per cable, leads to results 
which are not commercially practical under the load conditions 
assumed. 



CHAPTER III 

WORKING PRESSURE 

In determining the most suitable pressure to adopt in any parti- 
cular case we must take into consideration the following items: — 

1. The distance to be covered by the transmission of energy. 

2. The amount of energy to be transmitted. 

3. The loss to be allowed in the line as governed by facilities 
for regulation and the maintaining of constant pressure at the 
receiving end. 

4. The most economical size of conductor to employ, both as 
regards first cost and working expenses. 

In connection with the above items, it is first to be noted 
that if we take full advantage of the current carrying capacity of 
any particular size of cable as limited only by the heating effect, 
the C^R loss in the cable will be in direct proportion to its 
resistance and length, and this loss will manifest itself by a drop 
in pressure at the receiving end. Now although we cannot 
actually alter the amount of this loss with a given current and 
section of conductor, we can make it as small a percentage of 
the power transmitted as we please by increasing the pressure 
of transmission. Thus in the case of a three-core three-phase 
cable, if — 

E = pressure between cores at receiving end in volts, 
C = current per core in amperes, 
R = resistance per core in ohms, 
e — drop between cores in volts, 
we have 

Power transmitted W = EC\/3 - - - - (i) 

Power lost in line «; = C2Rx3 - - - - (2) 

Drop in pressure on line ^ = CR X \/3 - - - - (3) 

It is obvious that the ratio of the power lost in the line to 
the power transmitted expressed as a percentage loss is : — 

ze/xioo C^Rx-ixioo e . . 
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Similarly the efficiency of transmission is : — 

(E - e)C _ _e 
■""EC" "' E' 

It will be evident from the above that the pressure may be 
increased indefinitely with a corresponding decrease in the line 
loss expressed as a percentage of the power transmitted. 

We have already seen, from a discussion of the line loss in 
the previous chapter that in practice the regulation to be effected 
at the generator end of the line to meet the percentage drop in 
the line itself, the transformers at the receiving end, and the 
distribution system is generally strictly limited, and, therefore, 
it becomes necessary to choose a transmission pressure which 
will bring the loss in pressure in the line, transformers, and 
distribution system within these limits of regulation. Moreover, 
it will be at once apparent that having fixed the total line loss 
or percentage drop in pressure to be allowed, this quantity ex- 
pressed per mile of cable over which the transmission is effected 
must correspondingly decrease as the total distance is increased. 

Taking the general case met with in practice we usually have 

Amount of energy to be transmitted fixed. 

Distance fixed, 

Line loss limited by regulation, 

whereas our variables are 

Current density and 
Pressure of transmission. 

For the purpose of rapid calculation of copper losses on 
transmission cables it is convenient to remember the following 
approximate relations : — 

{a) The resistance per statute mile of single conductor is 
given with close approximation by dividing the constant .0424 
by the sectional area of the core in square inches. 

{b) With a current density of 1,000 amperes per square inch 
the drop in pressure will be approximately i volt for every 
41 i yards of single core. 

From equations (i) and (2) above we may readily deduce: 
the following approximate relations : — 

7.4 X Amperes _ . . .. 

-5 : — 7— X Distance in miles 

p — Square inch _ ^ >. 

Drop in pressure per cent. 
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Similarly, if we denote the power transmitted in kilowatts by 
K with power factor P and percentage line loss n we deduce : — 

p __ /a^A^ X K X Distance in miles /,v 

~V Ax«xP ' * ^ ^ 

* _ 4240 X K X Distance in miles / v 

^" ~ ^E^^^P - - - (7) 

If we require to transmit the maximum amount of energy at 
a minimum cost under the working conditions stated, we have 
seen that in practice the problem usually reduces itself to the 
determination of the relative values of current density in the 
cable and pressure of transmission. The greater we make the 
current density the greater we must make the transmission 
pressure to keep the percentage line loss within the regulation 
limit ; we shall, therefore, require to balance saving in cost of 
copper against extra cost of insulation entailed by the higher 
pressures adopted. 

If we fix the power to be transmitted by the cable, we must, 
therefore, vary the sectional area of the cable and the trans- 
mission pressure to give us the minimum of first cost with the 
given line loss ; as will be seen from equation (6) where E and A 
would be the only variables under the conditions assumed. 

The smaller the sectional area the less will be the cost of 
copper, but the greater will be the pressure of transmission and 
cost of insulation. 

The curves, Fig. 7, based upon the transmission of 1,000 
kw. per cable, in accordance with the Board of Trade require- 
ments, at various pressures, and a line loss of 2 per cent., will 
illustrate this point. It will be seen that a minimum of first 
cost is obtainable by suitably choosing the working pressure for 
any particular distance of transmission. 

It is obvious, however, that we must consider the working 
costs as well as initial cost, to enable us to finally select the 
most economical cable in practice. 

The application of Kelvin's law for this purpose in its 
ordinary form is not sufficient, since we have, in addition to a 
copper loss depending upon the sectional area of the conductor 
and current flowing, a dielectric loss, varying as the square of 
the pressure of transmission, and in addition proportional to the 
frequency. 

We see, however, that definite pressure limits exist in any 
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particular case, first, from consideration of initial capital cost 
either for copper or insulation, secondly, from consideration of 
working cost in connection with the losses constantly going on 
in the cable whilst energised both in the dielectric and in the 
copper due to the charging current, even on open circuit. 

The effect of working pressure on the first cost of the 
cable is illustrated by the curves given in Fig. 7. In any 
particular case, however, due consideration would have to 
be given also to the increased cost of generating plant and 

Cost of Cables Transmitting 1,000 K.W. with 2 % 
Line Loss at Various Transmission Pressures. 
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switchgear as the line pressure was raised, and in addition to the 
nature of the load and safety in working operations. 

As regards working cost, it will be necessary to consider in 
somewhat closer detail the order of the losses to be expected in 
practice. 

At the outset we are met with a divergency of opinion 
amongst experimenters regarding the nature of the loss in the 
dielectric, some asserting that this loss is due to molecular 
friction. as in the case of magnetic hysteresis, others asserting 
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Temperature Test of 20,000 Volt Three-Core 7/095 Cable. 
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that it is due to the resistance of the dielectric as a conductor. 
The scope of the present work will not permit of a review of 
the arguments put forward by both sides. The consensus of 
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opinion amongst those who have experimentally studied this 
question would, however, appear to be as follows : — 

(i) With dielectrics of impregnated paper and with the range 
of pressures at present employed with these cables, the dielectric 
loss varies closely as the square of the effective pressure, and 
directly as the frequency. 

(2) The dielectric loss is sensitive to and varies nearly 
directly with the capacity, and inversely as the resistance of the 
insulator, when diminished by increase in temperature. 

In connection with the above the curves illustrated by Fig. 8 
and relating to a 20,000 volt cable may be interesting. 

Upon considering the capacities of a number of cables of the 
same section of conductor, it will be found that there is little 
variation in the capacity as compared with the working pressures 
for which they are constructed. For instance, in the case of a 
three-core .04 square inch cable constructed for 5,000 volts work- 
ing pressure, and a similar size of cable constructed for 20,000 
volts working pressure by the same maker, the capacity of one 
core to two others bunched to lead sheath in the latter cable 
was found to be 66 per cent, of the former, and of all three cores 
bunched to lead sheath 71 per cent, of the former. 

As the loss in the dielectric is found to vary as the capacity 
and the square of the working pressure, we may take it that for 
all practical purposes (in view of the variation to be found in 
similar dielectrics) the loss in a transmission scheme with a 
given size and length of cable will vary as the square of the 
working pressure we adopt. 

The charging current may also be considered as varying 
directly as the working pressure. Take the case of a .15 sq. 
in. 11,000 volt cable, the losses with an approximate sine 
pressure wave are illustrated by the curves. Fig. 9. We see 
that with a 30-mile length of this cable the total open circuit 
loss is about 10 kw., being made up of 6 kw. in the dielectric 
and 4 kw. in the copper. At 20,000 volts these losses would be 
approximately 22 kw. in the dielectric and 1 3 kw. in the copper, 
or 35 kw. At a length of little over 40 miles the copper loss 
exceeds the dielectric loss and increases to an enormous extent 
with long cables. 

It was stated in Chapter I. that with lighting load curves 
having an average load factor of 1 3 per cent, for summer and 
winter, the root mean square value of the load current through- 



48 



Three-Phase Transmission 



out the year was found to be closely one-third of the 

maximum current in the same interval. We can, accordingly, 

11,000 Volt 0*15 sq. in. Three-Core Paper Cable. 
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express the annual transmission loss directly as a function of 
the drop allowed in the line at full load with such load curves. 

Upon the assumption that 1,000 kw. is the maximum load 
to be transmitted by any one cable, it is instructive to examine 
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the losses in copper and dielectric on transmission schemes over 
various distances under these conditions. Tables XV. and XVI. 
refer to 5,000 volt and 20,000 volt cables respectively. In the 
case of Table XV. the observed value of the charging current over 
a number of miles of this cable has been given. It is nearly 
twice the value which would have been obtained with a true 
sine wave. 

In connection with the annual loss in the dielectric given as 
a percentage of the units transmitted, it is of great importance 
to note that if the maximum load had been less than 1,000 kw., say 
200 kw., the percentage losses would be increased by five times. 

It is, therefore, evident that to secure maximum economy, 
considerations which should govern the working pressure to be 
adopted should take account of: — 

(a) Initial cost of cable, generators, and switchgear. 

(d) Open circuit losses in the copper and dielectric of the 
cable. 

(c) Load factor of the demand at the receiving end. 

The scope of the present work will not permit of the 
following up here of this question further. Suffice it to say, 
however, that the transmission of electrical energy upon a 
remunerative basis can only be effected by due and proper 
regard being given to the issues indicated in the foregoing 
remarks. 

Breakdown Strength of Dielectrics. — In connection with 
the subject of working pressure, it may not be out of place at 
this stage to refresh our memories regarding some properties of 
dielectrics. 

Text-books on electrostatics define the unit of quantity of 
electricity as a charge which, when placed at a distance of one cm. 
in air from a similar and equal quantity, repels it with a 
mechanical force of one dyne. Similarly, potential is measured 
by the work done in moving a unit of + electricity against the 
mechanical forces exerted upon it, unit difference of potential 
existing between two points when it requires the expenditure of 
one erg of work to bring a unit of positive electricity from one 
point to the other against the forces exerted on it. Now, it will 
be remembered that work is defined as the product of force 
by the distance through which the force is overcome, and, there- 
fore, if the difference of potential between two points is the 
4 
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work done in moving a +unit from one point to the other, the 
average electric force between the points will be found by 
dividing the work done by the distance between the points. 
That is if Va and V^ are the potentials of the inner and outer 
conductors of a concentric cable with dielectric of thickness D, 
the average electric force in the dielectric is — 

We see from this that as D is diminished indefinitely the 
force becomes nearly uniform, and the electric force at a point 
within the dielectric is given by the rate of change of potential 
at this point. Thus the resultant electric stress at a point in 
the dielectric is sometimes termed the electric intensity or 
potential gradient. 

Now, the result of subjecting any material substance to 
stress is to produce strain or molecular displacement, and if the 
stress be further increased, finally rupture of the material ensues. 

An important difference between the behaviour of dielectrics 
subject to electrical stresses and materials subject to mechanical 
stresses must, however, be noted at this point, and that is the 
property of some dielectrics to act as electrolytes or conductors 
under excessive electrical stresses. An interesting illustration 
of this is the difference to be found in the sparking distance 
between points and spheres subject to the same voltage. Owing 
to a brush discharge occurring at much lower voltage between 
needle points, the sparking distance between points is greater 
than between spheres, the explanation being that the air sur- 
rounding the points is acting as an electrolyte or conductor 
under the excessive electrical stress, and behaves in the same 
manner as a sphere surrounding the needle point, thus for all 
practical purposes reducing the distance between the points. 

The idea given by the above illustration is of importance, 
and when applied to a cable with a solid dielectric we may 
imagine the material yielding to the pressure up to a certain 
point within it, thus acting as a conductor and absorbing energy. 
A further interesting experiment illustrating this point is the 
following : — 

If we have two conductors separated by an air space, and 
an alternating difference of potential is maintained between 
them just below that necessary to produce disruptive discharge, 
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and some insulating material be then introduced between them 
having a greater specific capacity than air, the air and insulating 
material both break down. The accepted explanation is that 
since the potential gradient in the air in the first instance was 
the steepest it could withstand, and the increased specific 
capacity of the insulating material causes the potential gradient 
to be less steep within it than the air, the result is an increase in 
the potential gradient in the remaining air space, which first 
gives way and is followed by a breakdown of the insulating 
material. 

The dielectric strength of an insulator may be defined as the 
greatest electric stress it can withstand. The dielectric strength 
of liquids and liquefiable solids, such as paraffin, wax, &c., can 
be readily determined by measurement of the disruptive voltage 
between two equal spheres embedded in the material. In the 
case of paper and other similar dielectrics, the measurement 
of the dielectric strength presents some difficulty. Sheets of 
insulating material placed between metal electrodes and subject 
to alternating electric pressures cause the air in the neighbour- 
hood of the electrodes to be ionised, disturbing uniformity in 
the temperature of the dielectric and the corresponding maximum 
stress to which it is subjected. • 

To fix our ideas we may note the following results obtained 
by various experimenters, the dielectric strength being expressed 
in each case as the potential gradient in kilo volts per centimetre 
the material will withstand : — 



Dielectric. 


Dielectric Strength. 


Manilla paper impregnated with resin oil 


- 


250 


Paper, beeswaxed 


- 


540 


Paper, paraffined 


- 


360 


Resin oil 


- 


270-1,350 


Vulcanised rubber 


- 


476 


Gutta-percha 


- 


109 


Air 


- 


27 



Points of great interest in connection with the above are 
that insulators which heat up when subjected to alternating 
pressures do not heat up when subjected to continuous pressure, 
also that no brush discharge or hissing occurs in the neighbour- 
hood of the breakdown stress if direct pressure be employed, 
in addition that the time the electric stress is in operation largely 
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affects the result. For instance, presspahn, 5 mm. in thickness, 
was found to be punctured in thirty seconds with 11,000 volts, 
and in two minutes fifteen seconds with 9,000 volts. Similarly, 
marble 20 mm. in thickness was punctured in seventy-eight 
seconds with 20,000 volts, and in two minutes by 15,000 volts. 

In Chapter I. reference was made to the "Corona" effect 
met with on overground transmission lines. It may now be of 
interest to consider this point in further detail. 

When bare conductors opposed to one another are subject 
to a very high potential difference between them, a faintly 
luminous glow, blue in colour, surrounds them, and at this stage 
a loss of power from atmospheric dispersion commences. If the 
potential difference between the conductors be still further 
raised, a brush discharge occurs accompanied by hissing and 
the loss of power greatly increases. It is important to note 
that this brush discharge takes place from the exterior of the 
luminous glow previously mentioned, and not from the surface 
of the conductors themselves. Experiments show that in the 
space occupied by the glow the air is partially ruptured, and is, 
in fact, conducting, and that electrostatic stresses in the air 
space between the conductors then start from the exterior of 
the glow. Further experiments point to the fact that a 
layer of air immediately surrounding a conductor, and which 
is found to vary in thickness with the diameter of the con- 
ductor, has a resisting power to break down many times that 
of the remaining air lying between the conductors. The 
critical voltage of any circuit, or that voltage at which the 
"Corona" is produced, followed by a loss of energy from 
atmospheric dispersion, is found to depend upon atmospheric 
conditions such as barometric pressure, humidity, and others 
which have probably not yet been investigated. The critical 
voltage of the circuit also becomes higher as the diameter of the 
wires and their distance apart are increased, but the effect of 
increasing the spacing of the wires upon the critical voltage 
quickly reaches a limit, and any further spacing is practically 
ineffective in preventing the formation of the " Corona." It has 
been found that whilst the effect of rain is small, yet the 
presence of fog, smoke, and particles in suspension in the 
atmosphere largely increase the losses. Further, these depend 
in every case upon the maximum value of the voltage wave, 
and also to some extent upon the frequency of the circuit. 
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Some observed atmospheric losses on different lines are 
given below : — 

Table XVII. 



Diameter 
of Wires. 


Distance apart 
of Wires. 


Effective Work- 
ing Pressure. 


Loss per 
Mile. 


Inch. 

.325 

.325 
.325 


Inches. 

84 

52 

35 


Volts. 
110,000 
58,000 
51,000 


Kilowatts. 
3 

0.89 

0.22 



The "Corona" effect has been investigated by Ryan and 
Mershon in America, but the results obtained by these experi- 
menters show considerable discrepancies. 

Kapp gives the following formula based upon Mershon 's 
results for the critical potential difference in virtual kilovolts 
between two parallel wires : — 

K.V. = ?lii5i (_1 \ Mog.i 

o.(; + r \i+o.oi.^z;/ r 



where b = 
r = 

s — 

v = 



barometric pressure in millimetres of mercury. 

radius of wire, centimetres. 

distance between wires in centimetres. 

Mershon's vapour product or the pressure of saturated 
steam in millimetres of mercury at the given temperature 
multiplied by the relative humidity or the ratio 

actual moisture 
possible moisture' 

Curves based upon this formula, giving critical pressure for 
wires of various diameters spaced at different distances apart, 
are plotted in Fig. 10. 

It would appear necessary, however, to employ a factor of 
safety of at least two with these results where the wires pass 
in the neighbourhood of towns or industrial districts. 

It is further to be noted that dispersion loss from the wires, 
depending as it does upon their spacing in air, will be likely to 
be increased at the points of suspension where steel towers are 
employed, the air space between the wires being less in the 
neighbourhood of the metal tower than at other points along 
the span. 
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Line Regulation, 

In the western parts of America the high frequency of 60 
cycles, which is common there, gives rise to very heavy capacity 
currents at the high working pressures adopted. 

The effect of these capacity currents upon the regulation for 
constant pressure at the receiving end of the line is very marked 
in some cases. For instance, it may happen that the current 
entering the line at the sending end may decrease with increase 
of load. Further, that the generator pressure at the sending 
end will, under some conditions, be less than the pressure at the 
receiving end of the line. Some of these effects are illustrated 
by the curves given in Fig. 11. 

In the figure the voltage V^ between each phase and neutral 
point of the generator required to maintain the constant voltage 
V I at the receiving end of a feeder 50 miles in length, with 
different loads and power factors, is given by the upper curves. 
The current A^ supplied to the line by the generator under the 
conditions of different loads and power factors is given by the 
lower curves. 

A simple and rapid method which may be adopted for 
estimating such effects with any given transmission scheme will 
be found in Appendix D. 



CHAPTER IV 

THE CONTROL OF E.H.P. TRUNK MAINS 

Switchboard Construction. — With the rapid growth of 
electricity supply systems and the enormous outputs of 
modern power stations, the necessity for absolute continuity in 
the supply has become of the greatest importance. The 
possibility of a complete shut down of the whole supply as 
the result of a single fault upon a main switchboard such as 
the failure of an oil switch, a temporary short circuit to frame 
or between conductors, can, in view of such requirements, no 
longer be permitted. The complete destruction by fire in some 
cases of congested types of switchboards comprising generator, 
feeder and section panels all crowded into the minimum possible 
space, and formerly so general, has demonstrated the necessity 
for very wide subdivision of the controlling switchgear where 
large amounts of power have to be dealt with. Accordingly, 
the generator, feeder, and section panels comprising a modern 
switchboard are usually so widely separated individually and 
collectively, that the spread of fire is effectively limited to the 
faulty section, and thus disorganisation of the supply, in the 
event of a fault, reduced to a minimum. 

Such wide subdivision involves the use of remote control 
switchgear in order that distant switches may be promptly 
operated from a keyboard situated at some convenient central 
point. The remote control systems in most general use are : — 
(i) Electrically operated ; (2) Mechanically operated. 

In America electrical control is largely adopted, and this 
system has also been installed with important plants in this 
country. Mechanical control has, however, been extensively 
used upon the Continent with remote switchgear. 

On account of the considerable weight of the high-power oil 
switches required in modern generating stations and the long 
break necessary, trouble has sometimes been experienced in the 
closing of such switches with sufficient rapidity for synchronising 
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purposes where mechanically operated remote control has been 
installed. With electrical control the action of the switch may 
be made very prompt, and is unaffected by the distance the 
switch is situated from the control desk of the operator. It is to 
be specially noted that any feeder switch in connection with the 
main bus bars of the generating station may, under the condi- 
tions of a short circuit, have to break the total output of the 
plant running at the time quite irrespective of the normal load 
the feeder will carry. The advantage of having such switches 
installed with plenty of space and at a distance from the 
operator is obvious, and it is now quite common with high- 
power generating stations to find a complete side or end of the 
building partitioned off for the installation of switchgear, often 
occupying three or more floors. The arrangement of switchgear 
and transformers illustrated by Fig. 12 was installed by the 
Oerlikon Company in a Continental generating station feeding 
five overground transmission lines at a pressure of 33,000 volts 
between wires. Bare copper conductors from each 6,000-volt 
three-phase generator enter the switchgear annexe at the point 
A, and are brought to electrically operated oil switches B, fitted 
with maximum reverse relays. From this point connections are 
made through current transformers to change-over oil switches 
E, permitting of each generator being coupled to the 6,000-volt 
bus bars shown, or alternatively to the primaries of one group of 
three delta-connected transformers G. The secondary connec- 
tions to these transformers are brought through oil switches J, 
fitted with maximum relays, to 33,000-volt ring bus bars at M. 
From these bus bars each set of feeder connections passes 
through electrically operated oil switches O and choke coils Q 
to the transmission lines leaving the building at R. Switches 
for isolating the lines are shown at S and lightning arresters at T 
in series with water resistances U. 

Situated upon a platform overlooking the engine-room is a 
main switchboard w, controlling the transformer and line 
switches, and at V are pillars for operating the generator 
switches whilst facing the engine-room. 

As will be seen from Fig. 12, the cellular system of switch- 
gear has been adopted, the switchboards being constructed of 
incombustible material with horizontal and vertical partitions 
separating conductors. No additional precautions, however, are 
taken to screen live parts, but the rooms in which these are 
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situated are locked off from the rest of the station, and access to 
them on the part of all but skilled assistants is forbidden. It 
will further be noticed that no high-pressure connections are 
brought on to the operating platform. 




Fig. 12. 



The arrangement of a bus bar room with Continental type 
switchgear is illustrated by Fig. 13. 

As a typical arrangement of high-power British switchgear 
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we may take an installation by Messrs Ferranti where the feeders 
consist of underground cables and the following disposition of 
the gear is adopted. The generator and feeder panels are placed 



upon opposite sides of a brick wall passing upwards through 
three or more floors of the building. On the first floor are 
situated the cable receivers, from which point the connections 
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of each phase pass upwards, separated by incombustible parti- 
tions forming with horizontal partitions tiers of cells containing 
the isolating switches, spark gaps, current and potential trans- 



formers. The connections then pass through porcelain insu- 
lators to the second floor, upon which are placed the main 
electrically controlled oil switches. After traversing these 
switches the connections are brought upwards to a further 
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set of isolating switches, enabling each generator or feeder to 
be coupled to either of two sets of bus bars arranged in ring 
form and situated on the third floor. 

Fig. 14 illustrates the arrangement of a main switch floor, 
and shows the electrically operated switches disposed in brick 
cells with the isolating switches above them. 

Each floor containing extra high-pressure switchgear is 
locked off by doors from the remainder of the building, but 
everything is readily accessible to authorised persons entering 
the enclosures, upon the removal of light sheet-iron covers 
screening the cubicles and bus bar chambers. The whole of 
the electrically operated switchgear is controlled from a working 
platform overlooking the engine-room, upon which everything is 
safe to handle. 

In the case of switchgear situated in substations at the 
receiving ends of lines or feeders, the working conditions are 
somewhat different to those at the generating station. Space 
will often be restricted, demanding more or less concentration 
of the switchgear ; in addition, greater precautions will gene- 
rally be necessary to protect the substation attendants from 
accidental contact with live parts. Since the effect of short 
circuits will not be so disastrous at the receiving ends of long 
feeders adequately protected at the generating station, it will 
generally be permissible to adopt self-contained designs of 
switchgear. At the same time, well-recognised principles must 
be borne in mind, and a brief review of some types of substation 
switchboards at present in use may not be out of place at this 
stage. 

These may be classed as follows : — 

(i) Enclosed cell or cubicle type, frame of brick, slate, or 
concrete, without space at the back. 

(2) Flat type with space at the back, framework of metal, 
screening live fittings, or separate locked chambers enclosing 
exposed live fittings. 

(3) Ironclad or solid type, frame of iron or other metal 
enclosing all live parts, the space between being filled up solid 
with insulating compound or material. 

The conditions to be aimed at in the construction of a 
substation switchboard are, in relative order of importance, it 
is suggested, as follows : — 

(a) The absence of danger to the life of the operator. 
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{b) Freedom from breakdown and effective restriction to the 
spread of fire. 

{c) Reasonable initial cost. 

Considering first the most important object to be attained, 
viz., safety to human life, it may be noted that the possibilities 
of the operator obtaining fatal shocks are (i) the forming of a 
path through his body or portion thereof for an E.H.P. discharge 
between live metal at different potentials ; (2) the forming of a 
path through his body or portions thereof for a discharge from 
live metal to metal or other material at earth potential. 

In general a discharge through the body of the operator to 
earth would be effectually guarded against if the material used 
in the construction of the switchboard frame was possessed of 
sufficiently insulating qualities added to the adoption of rubber 
mats upon the operating platform. A difficulty arises, however, 
from the fact that slate, concrete, brickwork, and other materials 
commercially adaptable for switchboard construction are not 
only in themselves possessed of insufficiently insulating qualities 
to prove a safeguard to life in cases of leakage, such as that due 
to a broken insulator permitting live metal at extra high pressure 
to come in contact with or discharge to them, but in addition 
such materials will of themselves pass a sufficient current at 
extra high pressures to fire inflammable insulating materials in 
their vicinity. From this it is sometimes argued that imperfect 
insulating material used to screen live metal is worse than bare 
live metal itself in at least that there is no guise of safety. 

Accordingly, a frame of iron or other metal effectively 
earthed is now frequently employed to screen extra high- 
pressure switchboard panels, and bare copper conductors sup- 
ported upon porcelain insulators are used in place of rubber or 
tape insulated connections. 

The adoption of this course completely shields the operator 
from the danger of high resistance leaks and the charging of 
isolated metal parts thereby. It ensures also that the develop- 
ment of a fault will be promptly followed by a direct discharge 
to the earthed framework of the switchboard. 

In the absence of adequate subdivision of the feeder panels, 
however, a discharge to frame would be likely to result in a shut 
down of the supply, and unless each panel be so arranged that 
access to the connections shielded by the metal frame cannot 
be gained whilst the panel is live, an increased risk of accidental 

5 



66 Three-Phase Transmission 

contact on the part of the operator between live metal parts and 
the earthed frame of the switchboard will exist. 

In connection with this point must be mentioned a novel 
departure from the general lines upon which switchboards have 
for many years been constructed. This refers to the ironclad 
type of switchgear introduced by Messrs Reyrolle & Co. In 
this type the bus bars are enclosed in a longitudinal cast-iron 
case filled in solid with compound. Each feeder cable is 



Fig. 15. 

terminated by a cast-iron dividing box to which is attached 
directly a further casing containing current transformers and 
situated immediately below the bus bar chamber. 

Plug sockets are arranged with suitable centres in the bus 
bar chamber and transformer casing respectively. 

An oil switch in the form of a carriage and provided with 
external contacts is supported by a framework and plugs into 
the sockets formed in the bus bar chamber and transformer 
casing, thus completing the circuit between the feeder cable and 
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bus bars. This type of switchgear is illustrated by Figs. 15 
and 16. 

By this arrangement all concrete and brickwork are 



eliminated, isolating switches are unnecessary, and instrument 
connections rendered as short as possible. Other important 
features are that the amount of cleaning of live parts, insulators, 
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&c., is reduced to a minimum. Spare switches can be carried, 
and duplicate bus bar chambers readily arranged if desired. 

Coming now to condition {b\ /.^., freedom from breakdown 
and restriction to the spread of fire if started, one of the most 
important points in the writer's experience is the avoidance 
of rubber insulated cable connections upon the switchboard. 
Rubber under the influence of ozone, always present in more or 
less quantities in the neighbourhood of extra high-pressure 
switchgear, is rapidly perished and rendered useless both 
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electrically and mechanically, and will readily start a fire under 
such conditions. 

The general subdivision of phases starting from the cable 
receiver itself is highly desirable, but will add considerably to 
the cost of the switchgear, and with a brick or concrete frame- 
work generally involves deep and narrow cells, which render 
access to connections for repairs and cleaning difficult. 

The cubicle system carried out completely in brickwork or 
artificial stone, however, is capable of withstanding for some 
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time the high temperature of heavy current arcs under the 
conditions of short circuit, which may allow of a fault clearing 
itself if the oil switches are capable, as they should be, of break- 



ing the short circuit current. 
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With duplicate feeders to each substation fed from inde- 
pendent switchboard sections an extensive interruption within 
the supply area is rendered a very remote contingency. 

As regards condition {c\ ix,^ that of reasonable cost, it is to 
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be noted that the use of an iron frame will largely cheapen the 
design of a switchboard. It must be remembered, how^ever, that 
flat type switchboards with live connections exposed at the 
back were at one time largely used in this country, but were 
subsequently abandoned on the score of danger to the operator. 
It is very difficult to estimate the ultimate pecuniary loss 
accruing to an electricity supply undertaking as the result of a 
breakdown, but the more extensive and important the field 
covered by the undertaking, so much more surely will additional 
capital expenditure upon the score of safety and reliability be 
justified. 

« 

Some typical arrangements of bus bars, generator, and feeder 
circuits are illustrated by Figs. 17 and 18. 

Where a number of trunk mains enter a distributing station 
from which radiate a number of subfeeders to various sub- 
stations, some important considerations arise. 

If trunk mains and feeders are coupled up to ring bus bars 
and worked undivided, a single fault upon the switchboard will 
usually mean a total shut down of the supply. 

By allocating to certain trunk mains definite sections of the 
ring bus bars and their feeder circuits the effect of a fault is 
limited to a particular section, but the convenience of running 
with the trunk mains in parallel and equally loaded is lost. 

A further possible arrangement is to parallel all the trunk 
mains on to an independent set of auxiliary bus bars to which 
sections of the ring bus bars with their feeders are coupled 
through maximum automatic switches. This allows of all trunk 
mains being run in parallel, and also limits the possibility of a 
total shut down of the supply. 

It is, however, difficult even in this case to provide against 
all eventualities. For instance, should it happen that a fault 
occurred upon a feeder section of the switchboard at time of 
light load, the automatic switches on one or more small 
generators working at the time might be opened before the 
switch on the bus bar section upon which the fault occurred, 
thus causing a complete interruption in the supply. 

The Merz-Price balanced system of protection, to be described 
later, might, with some modifications, be adapted to meet most 
working conditions in the sectionalising of large switchboards, 
and ensure that a minimum portion of the supply was inter- 
rupted in the event of a fault occurring upon any particular panel. 
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Switches. — The development of the oil type of E.H.I', 
switch and the satisfactory manner in which such switches are 
found to operate upon E.H.P. alternating current circuits 
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possessing self-induction and capacity, has rendered working 
pressures possible with safety which would hitherto have been 
associated with considerable risk to the cable system from surges 
and pressure rises attendant upon the use of air break switches. 
Oil break switches, although they may be relied upon to open 
E.H.P. alternating current circuits with safety, have no re- 
straining influence upon the pressure rises due to the closing 
of the circuit Oscillograph records show that pressure waves 
of about twice the normal amplitude may occur under such 
conditions. 

Types of high-power British and Continental switches are 
illustrated by Figs. 19 and 20 respectively. Fig. 19 illustrates 
the Ferranti- Field type of electrically operated oil switch for 
normal working pressure of 10,000 volts and 10,000 kw. 
capacity. For higher voltages, three separate single-phase 
switches are used, each situated in its own cell, but all coupled 
to a single shaft operated by the solenoid surmounting the 
switch as in Fig. 19. By employing the direct vertical pull 
of a powerful solenoid to operate the switch, complication is 
avoided. The switch is held closed by a double scissor arrange- 
ment of links, and the tripping solenoid shown to the right of 
the figure allows the links to collapse and opens the switch 
under the action of gravity assisted by spiral springs. On the 
left of the figure will be seen a sjmall barrel-type contactor for 
indicating by means of signal lamps whether the switch is open 
or closed. 

Fig. 20 illustrates an Oerlikon type of mechanically-con- 
trolled switch. F'or pressures of 30,000 volts and upwards the 
three double-break switches of which it is composed are in- 
stalled in separate cells. These switches are sometimes operated 
from a distance electro-magnetically, in other cases by means of 
grooved wheels and rope gear. 

Before discussing in detail automatic devices including trip 
coils, time element relays, &c., as generally applied to E.H.P. oil 
switches, it may be advisable to consider some of the conditions 
which have to be met in practice by such apparatus. 

The necessity for ensuring the continuity of the supply, and 
the Board of Trade Regulations restricting the total amount of 
energy to be transmitted by any one cable, result in the use of 
at least two or more cables in parallel under normal conditions 
in practice. As will be shown in what follows, the use of a 
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number of cables in parallel and the methods to be adopted to 
suitably protect them and control their working with due regard 
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to continuity in the supply of energy transmitted, involve some 
special considerations. 

One point which is at once obvious is that if we have a star- 
wound generator with earthed neutral point supplying two 

feeders in parallel at the bus bar A 
(Fig. 2i), and provided with equal 
fuses Fp Fg, F3, F^, at the generator 
and receiving ends of the line A and 
B respectively, then if a fault occurs 
at E, fuse F3 will first blow, being in 
the path of least resistance to the 
fault. This fuse will be followed 
by the blowing of fuses Fj and Fg, 
. since these, in addition to having to 
carry the total load being trans- 
mitted, have to carry the current 
through the fault by way of Fi, F2, 
F4, and E. 

It is important to note that as 
we increase the number of feeders 
in parallel, the danger of a fault 
upon one feeder resulting in a total 
cessation of the supply may be 
avoided by suitably choosing the 
overloads at which the fuses will act. 

The general case may be stated thus : — 

Let hm = Maximum load in kilowatts carried by any trunk feeder. 
/*= Overload required to blow each fuse in per cent. -7- 100. 
n = Number of trunk feeders. 

Then the total load required to operate any fuse is : — 

hm{i -\-r) Kw. 

With one feeder cut out, the load on each of the remaining 
(n—i) feeders is increased to — 
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hm 



n 



n- I 



. . . Kw. 



Therefore the margin before the («— i) fuses operate is :■ 
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and this must be greater than : — 

hm(i +r) 
.'. (n - i) (i + r) - n> 1 + r 

2 



or r> 



n- 2 



2 

Applying the condition for safety, />., r> , to different 

numbers of feeders in parallel, we obtain values for the overload 
setting of the fuses as follows : — 

n r 

2 - . - - _ oc 

3 2 

4 - .... I 

5 0-6 

6 0.5 

8 ----- 0.3 

10 ----- 0.25 

Thus with four feeders the overload would be lOO per cent., 
with six feeders 50 per cent., and with ten feeders only 25 per 
cent, for safety under the conditions of the fault assumed. 

It will be obvious that the same law must govern the setting 
of simple maximum type automatic switches or cut outs. Auto- 
matic devices, however, allow of the case considered being treated 
in other ways. 

As oil break switches became more generally used with 
high-pressure alternating current schemes, and the electrical 
advantages of the oil break became more fully understood, 
fuses were replaced by automatic attachments to the oil 
switches. It soon became evident, however, that an important 
feature which most types of fuses possessed in having a " time 
element " was in many cases still desirable with automatically 
operated oil switches. This led to the design of numerous 
devices which have now become familiar under the title of 
inverse time element relays or time limit relays. The control 
of automatic oil switches by such devices generally involves the 
use of three distinct pieces of apparatus. 

1. Current transformer. 

2. Relay with time element. 

3. Trip coil. 

In some cases, also, an auxiliary source of power such as a 
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battery is required to operate the trip coil, this being brought 
into circuit by the relay. 

The current transformer has two principal functions. It 
insulates effectively the high-pressure system from the relay 
and trip coil mechanism, enabling the latter together with the 
necessary measuring instruments to be actuated at low voltage. 

In addition, it enables a standard type of relay, trip coil, 
ammeter, &c., to be adopted upon circuits carrying currents 
differing very largely in magnitude. The usual practice is to 
wind the current transformers with a few standard ratios which 
give a fixed secondary current of from 8-10 amperes at the full 
load range of primary currents usually met with. 

The function of the relay is to throw into circuit the trip coil 
when a predetermined overload has been reached, and after the 
lapse of a time interval inversely proportional to the magnitude 
of the overload when this is maintained. 

The trip coil, as its name implies, usually actuates an arma- 
ture, which by its movement trips a catch holding the oil switch 
in its "on" position, the switch being then opened by gravity 
or springs. 

One of the simplest types of current transformer is con- 
structed in the form of a ring of iron stampings upon which is 
wound the secondary or low voltage winding. This ring is 
slipped over a porcelain insulator through which a copper rod 
passes, carrying the high-pressure current which is made to 
form the primary of the transformer. 

Relays. 

An early form of relay used with automatic switches 
for introducing a time element consisted of a solenoid com- 
bined with a dashpot. The piston of the dashpot was 
formed of a double bell submerged in mercury and oil. If a 
short circuit occurred the mercury and oil contained in the 
lower and upper half of the piston respectively were lifted 
bodily, and the action of the relay was instantaneous. With 
an ordinary overload, however, the pull upon the plunger would 
regulate the time taken for the oil to pass from the upper 
to the lower portion of the bell through a small hole in the 
diaphragm, and thus allow the plunger to rise and complete the 
trip coil circuit. 
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This type of solenoid relay was found to possess many 
defects in practice. 

After the plunger had once risen with an overload and the 
current then fell the plunger remained in a higher position than 
that originally corresponding to the current passing. If a second 
overload then occurred the time element was impaired if not 
altogether wiped out. 

A further trouble 
sometimes arose from 
the fact that the impe- 
dance of the coil varied 
with the position of the 
plunger, the choking 
effect increasing as the 
plunger rose in the 
solenoid. 

Some solenoid and 
plunger types of trip 
coil also suffer from 
similar defects. With 
a gradually increasing 
overload the plunger 
may creep up the sole- 
noid until it comes in 
contact with the trip 
lever. A much greater 
overload is then required 
to operate the trip than 
if this were applied sud- 
denly, owing to the ab- 
sence of the inertia 

gained by the plunger P,^^ 22. 

by a rapid upward 

movement, which would otherwise ensure the knocking off of 
the trip. With intermittent overloads, therefore, considerable 
care must be exercised in the selection of a solenoid type of 
relay or trip coil to ensure satisfactory working. 

The relay has been omitted altogether by some manu- 
facturers, a time element being provided instead, by means of 
a fuse shunting the trip coil. In connection with this arrange- 
ment, however, it is to be noted that the time element of the 
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fuse will in general alter with its current carrying capacity, and 
accordingly a wide range of current transformers with various 
ratios of transformation become necessary to render the same 
type of fuse suitable for different circuits. Moreover, under the 
conditions of short circuits the time element of fuses disappears, 
and it is difficult to ensure that discrimination as to their 
succession of operation with two or more of such devices on 
the same circuit shall be retained. 

As a modern type of relay we may select a well-known 
form illustrated by Fig. 22, made by Messrs Ferranti. This 
relay consists of a metal disc rotating between a pair of 
shaded poles energised by a current transformer whose primary 
winding is in series with the high-pressure circuit the relay is 
intended to protect. The torque tending to rotate the pivoted 
disc is resisted by a weight suspended by a thread passing 
over a small pulley upon the spindle of the disc. Once the 
current through the magnet-winding is sufficient to overcome 
the resisting torque due to the suspended weight, this is raised, 
and upon reaching its highest position closes the trip coil circuit 
and operates the oil switch in series with the E.H.P. circuit. 

Calibration curves illustrating the action of this type of 
relay are shown in Fig. 23. The law of the top curve is 

approximately T = -^-|-B, where T is the time taken by the 

relay to operate, c is the current passing through the magnet- 
winding, and A and B are constants. The retarding effect of 
the copper shoes or " shading " upon the magnetism emanating 
from the poles is to transform the oscillating field which would 
be obtained with the poles unshaded into an elliptically rotating 
field, having a period of revolution identical with the frequency 
of the magnetising current in the coils of the magnet. 

We know that the velocity of a rotating field in the case of 

f 
an induction motor is given by ^y where / is the frequency of 

the alternating current, and P is the number of pairs of poles 
in any one phase. 

In the case of the relay under consideration we have an 
induction motor with one pair of poles. The speed of the 
rotating field is, therefore, equal to the frequency or/ revolutions 
per second. It would, however, be oscillating in character, and 
therefore have no effective torque upon the disc if it were not 
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for the shaded poles. The effect of the copper pole-pieces is 
to retard the magnetism of this portion of the pole-pieces, so 
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that the resultant effect is that of a tuft of magnetism sweeping 
across the face of the pole-pieces, and dragging the copper disc 
with it. 
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It is specially to be noted that the limiting speed which 
could be attained by the disc would be / revolutions per second, 
less the slip required to generate sufficient eddy currents in the 
disc to overcome the retarding forces of the suspended weight 
and brake magnet 

Now in the case of short circuits heavy currents will pass 
through the relay magnet. A powerful torque will thus be 
exerted on the disc momentarily, and it will immediately speed 
up to reduce the slip. How quickly and nearly the disc 
approaches synchronous speed will depend upon the extent of 
the short circuit current, the inertia of the disc and the retarding 
forces of the weight and permanent magnet. 




RELAY 



Fig. 24. 



Having reviewed the function of the relay itself it becomes 
of importance to note some special features in the grouping of 
such apparatus upon switchboards usually carried out. 

It may be readily shown that complete protection will only 
be ensured by installing a separate current transformer upon 
each phase in circuit with a separate relay. 

The arrangement shown in Fig. 24 is sometimes adopted ; 
two current transformers only cross connected being employed 
in combination with a single relay. This arrangement possesses 
the following defects : — 

If the neutral points of the generators are earthed in ac- 
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cordance with the usual practice, a fault to earth upon the 
middle phase could occur without affecting the current trans- 
formers and opening the automatic switch. 

Moreover, as the current transformers are connected up, the 
current which must operate the relay is the vectorial sum of the 
two secondary currents or J^xc xp if the current in the secondary 
winding of each transformer ispxc amperes at the overload p 
at which it is required the relay shall operate. 

If now an overload occur between one of the phases only in 
which there is a current transformer, and the phase in which 
there is no current transformer, a much greater overload must 
occur before the relay will operate ; this overload current being 
the vectorial resultant of c and J^ xpc drawn as to their correct 
phase relationship. 

Further difficulties are met where polyphase relays or three- 
phase magnets actuating the same armature or disc are em- 
ployed. In this instance if a fault occurs between one phase and 
earth, upon a system where the neutral points of the generators 
are earthed, a much larger overload on this one phase will 
generally be required to actuate the mechanism than if the 
overload occurred simultaneously on all three phases. 

We may now proceed to discuss briefly the general working 
conditions to be met by time element apparatus in practice. All 
of the devices so far described possess an inverse time element. 
That is, the larger the overload the smaller will be the time 
taken by the apparatus to act. Some clockwork relays have been 
devised, however, to allow a fixed interval to elapse, whatever 
be the magnitude of the overload, before tripping the switch. 

This feature is not really required, but an inverse time 
element allowing of a predetermined sequence of operation of 
automatic switches in series. For instance, with feeder switches 
it is of importance that an overload should cause the distant 
switches to operate before those at the out-going end of the 
feeder, which latter should have a time lag sufficient to ensure 
this result. With relays of disc type this means that the number 
of revolutions made by the discs before completing the trip coil 
circuit must differ on the home and distant feeder switches, in 
other words, the space moved through by the contact mechanism 
must vary. Under the extreme conditions of a short circuit, 
however, it is usually difficult to ensure discrimination between 
more than three relays on the same circuit. 
6 
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The problem of adequate protection in the case of faults 
upon the system is further complicated where substations 
contain moving machinery. In such cases synchronous and 
induction motors will often feed back through faults necessi- 
tating the use of what are known as reverse relays to be 
described later. With substations containing static trans- 
formers and induction motors the outgoing feeder relays are 
sometimes set to operate in about four seconds, whilst the distant 
relays are set to operate in two seconds or less, both under the 
conditions of short circuit. In the case of substations containing 
synchronous machinery, however, much shorter times will gener- 
ally be necessary to prevent the synchronous motors falling out 
of step when a short circuit occurs. No hard and fast rules can 
be given to suit all cases, and the time element setting of the 
relays on any particular system should be determined ex- 
perimentally to suit the special conditions to be met. 

In Fig. 23 calibration curves are given illustrating the time 
element of a disc relay. As a practical example, take the case 
of a substation containing motor generators connected by a 
feeder to the generating station. Suppose at the generator 
end of the feeder a time element relay fixed, also a number of 
such relays in the substation. A short circuit on one of the 
motor generators might open the relay switch at the generator 
end of the line as well as the local relay on the faulty machine. 

Suppose the feeder carrying 60 amperes and at the sub- 
station supplying three branches of 20 amperes, each branch 
having its own relay, and each relay set to act in equal times 
of seven seconds at 50 per cent, overload. The feeder relay will 
act at 90 amperes. The local relay will act at 30 amperes. At 
full load the main feeder carries 60 amperes. At full load the 
subfeeder carries 20 amperes. 

Now, a fault upon any one motor generator causing an 
increase in the current of 30 amperes, or 250 per cent, overload, 
will cause the local relay to act in about two and a half seconds 
whilst the feeder relay will operate in seven seconds. 

Suppose, however, that a short circuit occurs increasing the 
feeder current by 90 amperes, or 250 per cent, overload. The 
relay would operate in two and a half seconds and the local 
relay would take almost the same time. Therefore, in all 
probability the main feeder switch will be brought out as well 
as the local cut out. 
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If we can separate the horizontal portion of the curves con- 
necting time and overload with the two sets of instruments the 
less likely is this result to occur. By providing a greater length 
of cord to be wound up by the feeder relay disc than by the 
local relay disc before contact is made closing the trip coil 
circuit, the successive operation of the switches in the desired 
order may be ensured. 

Reverse Relays. — We now come to the consideration of 
what are known as reverse relays, their function being to impart 
to automatic oil switches upon alternating current circuits 
similar features to those possessed by polarised direct current 
circuit breakers, which open the circuit immediately a current 
flows in a reverse direction to that required. 

Alternating current reverse relays may be classed broadly 
under two headings : — 

(a) Reverse Current Relays. 
(d) Reverse Power Relays. 

The usual positions for such apparatus upon alternate current 
systems are ; — 

(i) At the far end of feeders supplying substations con- 
taining moving machinery or coupled up to other substation 
networks, which would result in a fault upon the feeder being 
fed back from the substation itself, causing an extensive dis- 
organisation of the supply unless the local feeder switch be 
opened immediately. 

(2) Between each generator and the main bus bars, to ensure 
that a faulty generator be at once disconnected from the bus 
bars and interference with other healthy generators be obviated. 

Reverse Current Relays. — As an interesting example of a 
reverse current relay, many of which might be quoted, may 
be mentioned an ingenious arrangement devised by Andrews. 
This consists of a differentially wound solenoid acting upon an 
iron core, which, when lifted, closes the trip coil circuit. The 
two windings of the solenoid are connected in parallel across 
the secondary of a transformer at low pressure, and traverse 
also what is called an "equaliser," upon which is wound one 
turn of the main circuit to be controlled (Fig. 25). If no current 
flows in the main circuit, the low-pressure current divides equally 
between the differential windings of the solenoid and has no 
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effect upon the iron core. Should, however, the phase displace- 
ment of the current in the main winding be such as would result 
from a fault, the balance of the currents in the differential 





6 



< 

windings will be upset, resulting in the core being raised, thus 
completing the trip coil circuit. 

Reverse Power Relays. — The most important of these 
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devices involve the adoption of the wattmeter principle to a 
relay originally suggested by Professor Sylvanus Thompson. 
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Fig. 26. 

Reverse Power Relay Connections. 

BUS BAR 



I.L. 




P.T.F 



R.M.C. 



M.S* =Main Switch. 
T.C.= Trip Coil. 
R.S.C. = Relay Shunt Coil. 
R.M.C. =-- Relay Main Coil. 
Q. = Generator. 
C.T.= Current Transformer. 



P.T. = Potential Transformer. 
P.T. p. = Potential Transformer Fuse. 
R.C' = Relay Contactor. 

B. = Battery or other source of 
E.M.F. for operating T.C. 
I.L. = Indicating Lamp. 



Fig. 27. 



When the phase difference of voltage and current are such as 
to result in the flow of energy in the reverse direction in an 
alternating current feeder, the relay closes the trip coil circuit 
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A compact form of this apparatus is made by Messrs Ferranti, 
and is illustrated by Figs. 26 and 27. 

Fig. 26 explains the manner in which the wattmeter disc, 
whilst held by a catch T from rotating in a clockwise direction, 
is free to rotate in a counter clockwise direction, and in doing 
so will close the trip coil circuit. 

One point to be carefully borne in mind with the use of 
this type of apparatus, depending as it does upon a potential 
transformer, is that under the conditions of a short circuit the 
potential difference between the bus bars whether at the sending 
or receiving end of the line may be so reduced that the apparatus 
may fail to act. 

It is further evident that since the operation of this type of 

T. Tz 
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f^\/\/\Ay>^ 





Fig. 28. 



relay requires a certain number of watts or real power in the 
circuit, any reduction in pressure means that an increased current 
will be necessary. Similarly if the power factor of the circuit 
be low, although the pressure may be maintained, an increased 
current will again be necessary to operate the relay. From 
the preceding remarks it will be gathered that to prevent the 
reverse current assuming dangerous proportions before the 
relay operates, it is necessary to strictly limit the reverse power 
setting. This in the case of relays protecting generators is 
sometimes made as low as 10 per cent, of the generator output ; 
the power factor of motoring currents being generally low in 
the case of relays protecting feeders, the reverse power setting 
may be 20 per cent, or more of the full-rated load of the feeder ; 
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Fig. 29. 
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the power factor of a fault current will in this case generally be 
high. It is obvious that if the reverse setting be made too low 
the hunting of substation 
machinery or synchronising 
currents of the generators 
may open the switches when 
this is unnecessary. Gene- 
rally speaking a time ele- 
ment with reverse power 
relays is undesirable, and 
when a fault occurs the 
more quickly it can be iso- 
lated from the system the 
better, and the less likely 
is the pressure to have 
fallen to such an extent 
as to render the relay in- 
operative. 

As regards the grouping 
of reverse power relays the 
same considerations hold 
as in the case of maximum 
time limit relays, and com- 
plete protection can only 
be ensured by employ- 
ing an independent relay 
and transformer for each 
phase. 

Merz-Price Protective 
Gear. — No description of 
protective switch gear would 
be complete without some 
reference to the Merz-Price 
system, which is extensively 
used by the Newcastle and 
Durham Power Companies 
Kiii. 30. to protect some hundreds of 

miles of extra high-pressure 

cable in networks including feeders, interconnectors, and branch 

circuits. 
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The essential points claimed for this apparatus are — 
(a) The switches do not act in the case of surging or tem- 
porary overload. 
(d) The switches only act when an actual defect arises, and 
then only on the defective section. 

The principle of this protective device will be grasped at 
once upon reference to Figs. 28 and 29. 

Small current transformers, Tp T^, are placed at each end of 
the line with their primary 
windings in series with it, and 
the secondary windings are 
likewise connected in series 
with one another, and with 
relays R, and Rj, for actuating 
automatic switches by means 
of a small auxiliary cable. 

As the secondary windings 
are opposed to one another it 
will be seen that balance exists 
for all loads, and that only in 
the case of a fault on the 
feeder will a current flow in 
the relay circuit which will 
then open the switches at each 
end of the line simultaneously. 

The type of relay used with 
this gear is illustrated by Fig. 
30, and a current transformer 
of ring type suitable for a 
20,000 volt circuit is illustrated 
by Fig. 31. Fig. 31. 

The same principle is 
adopted to protect three-phase cables in parallel, banks of 
tran.'iformers, &c. 

In applying this system of protection to three-phase cables, 
a three-core pilot cable is laid with each feeder to form the 
subsidiary relay circuits, which it is of importance should be 
insulated from earth to avoid the tripping of the switches on 
healthy feeders from earth currents set up by a fault. 

As one example of the practical utility of this apparatus 
may be cited that of an interconnector between two substations. 
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The Merz-Price gear will allow of the flow of energy in either 
direction between the substations, but upon a fault occurring 
upon the interconnector itself it is instantaneously cut out of 
circuit. It is obvious that independent reverse relays could not 
be employed under such conditions, and that maximum relays 
at the ends of the interconnector, set high enough to allow of 
temporary surges of power, could not be arranged to isolate the 
interconnector instantaneously and before a fault current had 
reached dangerous proportions, as would be the case with the 
Merz-Price gear in use. 

It is to be noted, however, in connection with this protective 
gear, that the feeder cables are not protected against ordinary 
overload such as might be occasioned by the failure of an oil 
switch in a substation ; its application to an existing system of 
feeder cables also would be expensive in most cases unless suit- 
able pilot wires were available. 



CHAPTER V. 
IMPEDANCE, PRESSURE RISE, HARMONICS, &c. 

We have already seen under Chapter H., Lead Sheath Losses, 
that the impedance of a three-phase, lead-covered, paper- 
insulated cable is increased by the type of armouring or trough- 
ing by which it is surrounded, whereas it is diminished by the 
effect of the secondary currents induced in the lead sheath. In 
considering the effect of impedance in a three-core cable it is 
convenient to deal with one core only. This may to some 
engineers at first sight present some difficulty from the fact that 
if we assume a single conductor carrying current and try to 
calculate its self-induction from the number of lines of force 
surrounding it when removed from all other conductors, we 
arrive at a value infinity. The reason is, there must always be 
a return conductor somewhere, and we will define the self- 
induction of one core of the cable as half that of the self- 
induction of two cores, one acting as flow and the other as 
return ; this will vary directly as the distance apart of the two 
cores and as the sectional areas of the cores themselves. Now, 
with a three-phase cable having cores symmetrically spaced, the 
currents under three-phase working conditions are displaced by 
a phase difference of 120° ; thus, although when using two cores 
only of the cable as flow and return half, the E.M.F. of self- 
induction so measured will give the value per core ; yet when 
working three-phase the E.M.F. of self-induction measured 

between phases must be divided by J^ to arrive at the E.M.F. 
of self-induction per core. 

The test figures given by Table XVIII. will illustrate this 
point. 
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Table XVIII. — Test of Impedance of 6.2 Miles of 
(Three-Core 0.15 Sq. In.) Extra High -Tension 
Feeder at 50 -. 



P.D. 

1 
1 


lx?tween Phases at Sen din 
in Volts. 

Vj 1 Mean. 

1 


g End 

Mean 

V3 


Current per Core at Sending 
End in Amps. 


Impedance 

per Single 

Core in 

Ohms. 


' V, 

1 

1 


26 
26 
28.5 

31.5 

34 

34.2 


Cj Mean. 


, «9 
, 90 

99 
108 

; 1 16.5 

, "9 

1 


88.5 88 
90.5 90.5 

99 99.5 
108 108 

116 1 16.5 

119 1 18.5 


51.2 
52.2 
57.2 
62.5 
67.2 
68.6 


25 25.5 

25.5 25.75 
28 28.25 

31 31.25 

33-5 33.75 
34 34. 1 


2.01 

2.03 

2.02 

2 

1.99 

2.01 


1 
1 








Mean = 


= 2.01 



One phase was disconnected and the following readings were 
taken : — 



p. D. between Phases at 
Sending Knd in Volts. 


• Current per Core at Sending End 
in Amps. 


Impedance 

per Single 

Core in 

Ohms. 


Vt-V, 


2 


C, 


c. 


Mean. 


92 
100 

99.5 
1 10.5 

122 

123.5 
140 

.4> 


46 

50 

49-75 

55.25 
61 

61.75 

70 

70.5 


25 
25.5 

27.5 
31.2 

31.5 
35.7 
35.8 


22 

24 

24 
26.5 

30.5 

30.7 

34.5 

35 


22.25 

24.5 

24.7 

27 
30.8 

3I.I 
35.1 
35.4 


2.07 
2.04 
2.02 
2.04 
1.98 

1.99 
2 

1.99 


Mean = 2.01 



It is useful at this point to note the following items : — 
Resistance due to self-induction = 27r«L =/L ohms, 
E.M.F. due to self-induction = 27r;jtLC=/LC volts, 
where n = frequency. 

L = self-induction in henrys per conductor. 
R = resistance in ohms per conductor. 
^= current in amperes per conductor. 
Impedance of conductor = Resultant ohms= Jr^ ±/>^U. 
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In the case of low-pressure distributors of three and four 
core type, the impedance may often become of importance by 

Induction per Core per Mile at 50- of Paper- Insulated 
E.S.C. Three-Core Cables Constructed for Various 

Working Pressures. 

26 




05 01 15 -2 

Section per Core in Square Inch. 

Fig. 32. 



increasing the drop in pressure over that due to resistance 
alone by as much as 20 per cent, or more. With high-pressure 
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cables, although this impedance may exceed the copper resist- 
ance by as much as 40 to 50 per cent, the drop in pressure will 
in general be but a small percentage of the transmission pressure, 
and, therefore, of little importance. 

In Figs. 32 and 33 curves are given illustrating the induc- 
tion effect per core of paper cables constructed according to the 
Engineering Standards Committee's specification as regards 
thickness of dielectric, &c., for the working pressures stated. 

It is interesting to note that with a working pressure of 
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20,000 volts the impedance per core of a 0.25 sq. in. three-core 
cable exceeds the copper resistance by nearly 40 per cent. 

In the case of four-core cables used for three-phase working, 
one of the conductors, usually termed the neutral, will carry the 
out-of-balance current only. The presence of this fourth or 
neutral conductor disturbs the symmetrical spacing of the live 
conductors since one of these will have an active conductor 
upon each side of it, whereas the two remaining live conductors 
will have an active conductor on one side of them only. The 
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following test on a drum containing 220 yards of 0.15 sq. in. 
L.T. four-core British Insulated & Helsby Cable Co.'s lead- 
covered cable will illustrate this point. 

Star connected transformers were joined to one end of the 
cable, and at the other end three coils of ^V V.I.R. cable 
(braided only) were joined in star. 

Each of the three conductors was joined consecutively to 
an oscillograph to record the current flowing in it, and the drop 
in pressure along the conductor. 

The results obtained are given in Table XIX. 



Table XIX. 





Core of Cable. 


Red. 


Blue. 


Green. 


Neutral. 


(i) Amperes . . . - 
P.D. along conductor 
Impedance = — - 

Direct current — 
(2) Amperes . - . - 
P.D. along conductor 

Impedance=— - 

^. V 
Direct current -^ 


12.5 

.568 
.045 

.0387 

13-6 
.642 

.047 

•0387 


11.50 
.460 
.040 

.0388 

9.87 

.384 
.0389 

.0388 


11.90 
.625 
.052 

.0386 
12.27 
.568 
.0477 
.0386 


0.00 

• • • 

• • • 

• • • 

5.0 

• • • 

• • • 

• • • 



From the above table it will be seen that the impedance 
for the blue conductor, which has an active conductor on each 
side of it, is small, whereas the red and green conductors, 
which have an active conductor on one side only, have an 
impedance of about 20 per cent, in excess of that with direct 
current. The current in the red and green conductors had a 
considerable lag, whereas that in the blue conductor had but a 
small lag. 
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Pressure Rises. 

The principal causes of pressure rise met with in trans- 
mission circuits may be classed as follows : — 
(i) Resonance. 

(2) Power surges. 

(3) Reflected waves. 

(4) Concentration of potential. 

(5) The effect of leading currents on generators and 

transformers. 
In what follows it is proposed to discuss briefly these effects. 

Resonance. — In acoustics we have very familiar cases of 
resonance. As examples, a great number of which might be 
mentioned, we may note the singing of violin strings when 
in the neighbourhood of a piano upon which notes are struck 
in sympathy with the period of vibration of the string ; the 
same effect occurs with gas globes or other objects in a room in 
which musical sounds are being produced. This phenomenon 
of resonance, which we find present in all the principal sciences, 
is very much in evidence in alternating current circuits. To take 
a mechanical analogy, we may suppose a heavy weight w 
attached to a spiral spring which we know will possess a 
natural frequency of vibration and which we may denote by 
the letter n. If we now impart to the point of support a forced 
vibration of frequency m it may be readily shown that the 
amplitude of the vibration A of the weight w will be : — 

A = ;- times that of the point of support. 

U n equal m we have an amplitude theoretically infinity. 

It is of great importance to notice from the above formula 
that when the motion of the point of support is a small fraction 
of the natural frequency, the forced vibration of the weight is 
practically a copy of the motion of the point of support ; in 
other words, the spring and weight w move like a rigid body, 
but as the frequency of the forced vibration gets more nearly- 
equal to the natural frequency of vibration of the weight on the 
spring the amplitude of its motion is enormously increased. It 
will also be noticed that when the forced vibration is made 
many times the frequency of the natural vibration of Wy the 
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amplitude of iv becomes less and less. This result we know 
by experience to be the case. An interesting piece of apparatus 
based upon this fundamental principle has been developed for 
determining the frequency of an alternating current. The 
construction of this apparatus is shown in Figs. 34 and 35, 
and is known as Frahm's frequency indicator. As will be 
seen, it consists of a number of vibrating tongues, such as we 
find in an ordinary musical box, each of which is weighted 
and of sufficient length to have a natural frequency of vibration 
to correspond with the natural frequencies of those alternating 
current circuits usually to be met with in practice. The alter- 
nating current whose frequency is to be determined causes the 
point of support of these tongues to vibrate by means of an 
electro- magnet through which the alternating current passes, 




Fig. 3.1. Fig. 35. 

when one or more of the tongues will be set in violent oscilla- 
tion, according as its natural frequency of vibration is in 
sympathy with that of the point of support. 

It is shown in text-books that if we have a circuit consisting 
of a self-induction of L henrys in series with a capacity of K 
farads, as in Fig. 36, the circuit will possess a natural frequency 
for electrical oscillations ; this frequency, N, being given by the 
expression : — 

"^ys -■■■<■) 

If in this circuit be included an alternator of voltage V and 
frequency N, we have the conditions necessary for electrical 
resonance and the amplitude of the current C will become very 
large, depending only upon the ohmic resistance of the con- 
ductors and alternator ACls in Fig. 36. 
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The necessary conditions for resonance may be stated in 
another way. If the self-induction L be alone in circuit, the 
current Cl would be 



Ci = -^>— amperes 

27rNL 



(2) 



Similarly, if the condenser were alone in circuit the current 

Ck would be 

Ck = 2tNKV amperes - - - (3) 

When Ci^ = Ck we have the necessary condition for re- 
sonance, for equating (2) and (3) we get 



(2^N)2= ' or N = i-y,4. as before. 



A D 



B 




We know also that for any current C traversing the circuit 
the pressure across the self-induction will lag 90° behind this 
current, whilst the pressure across the condenser will be 90° 
in advance of this current. These two pressures will be thus 
equal and opposite at every instant. Hence, when resonance 
occurs the effect is the same as if AB were short-circuited. 
The current C is then only limited by the resistance of the 
circuit ACB. 

If C^ = self-induction current or condenser current when one or the 
other is alone in circuit. 



— V = pressure across ad or d b, and this may reach a highly 
destructive value. 
The rise of potential within the circuit being given by C^/ ^. 
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It is to be noted at this point that harmonics present upon 
the fundamental pressure wave are in general quite free to act 
as separate entities in producing resonance. In fact with serious 
resonance of harmonics the fundamental wave may become 
almost indistinguishable, being replaced by a wave of great 
amplitude with a frequency as many times that of the funda- 
mental as corresponds to the order of the particular harmonic 
for the resonance of which the conditions of the circuit are 
favourable. Let us take a particular case. A star wound 500- 
kw. 5,000-volt three-phase generator was found to have an 
average impedance, due to self-induction, of 34.5 ohms per 
phase at a frequency of 50 cycles, corresponding to a short 
circuit current of 145 amperes at 5,000 volts ; 10 miles of three- 
core 0.15 sq. in. 5000- volt cable will take a minimum charging 
current of 2.96 amperes per phase. 

Now suppose a strong 7th harmonic present in the pres- 
sure wave of the alternator. The charging current due to this 
harmonic will increase, whereas the current through the self- 
induction will diminish, in proportion to the frequency. The 
short-circuit current through the alternator, assuming constant 

self-induction, will be — = 20.7 amperes. The charging current 

in the cable will be 2.96x7 = 20.7 amperes. It will, therefore, 
be seen that we have the necessary condition for resonance of 
the 7th harmonic. 

Variations in the forms of pressure waves due to conditions 
such as the above are discussed later when dealing with wave 
forms. 

It is to be noted, however, with regard to triple frequency 
harmonic currents and multiples that the generator impedance 
to these will not be three, or multiples of three, times that due 
to the fundamental wave, for the reason that the phase relation- 
ship of these currents in the windings of the alternator will 
produce opposite magnetising effects upon the iron, and thus 
the impedance to these higher harmonic currents will not be 
strictly proportional to their frequency. In general a capacity 
considerably in excess of that theoretically necessary, a-s deter- 
mined by the above considerations, is required to produce exact 
resonance, a further error is also introduced by assuming that the 
self-induction of the alternator, as deduced from the value of its 
short-circuit current or synchronous impedance, will be the same 
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for all loads and currents. This will be obvious upon consider- 
ing the shape of the synchronous impedance curves of most 
generators. 

It may be gathered from what has preceded that resonance 
at fundamental frequency will not generally occur with com- 
mercial alternators and such cable systems as are usually fed by 
same, owing to the fact that the self-induction of the alternator 
is generally too small, and that this is further diminished in 
proportion to the number of similar alternators running 
parallel. 
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Fig. 37. 

Certain conditions may arise, however, in practice which will 
result in resonance at the fundamental frequency of the system. 

As an example we may take the case of a substation con- 
taining three 100 kw. delta connected transformers fed by a 
0.4 sq. in. three-core cable at 5,000 volts, 50 cycles, from a 
distributing centre one mile distant. 

The magnetising current of each transformer may be taken 
at 0.183 ampere, corresponding to a primary impedance of 
27,320 ohms or a self-induction of 87 henrys. 

The core capacities of the cable may be taken as follows : — 

One core versus two others bunched to lead sheath = .2 6 microfarad. 
Three cores versus lead sheath ==0.5 microfarad. 
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Now, consider the state of things illustrated by Figs. 37 
and 38, where one phase is shown open at the distributing 
station and another phase open at the substation, a condition 
which might be brought about by the blowing of fuses F Fj upon 
an overload or other cause. 

Current will pass from the generator via core No. 3 of the 
cable to the transformer terminal 3', then via transformer wind- 
ing 3'-2' and also via windings 3'-!' in series with \'-2' to core 
No. 2 of the cable. From core No. 2 this current will pass 




L 




Fig. 38. 



through the condenser formed by the dielectric between cores 
2 and I, and via core No. i back to the generator. 

The capacities between the cores of the cable and between 
cores and lead sheath are equivalent to equal condensers K and 
S arranged as shown in Fig. 38. 

The capacity between one core and two others bunched 
to the lead sheath is obviously 2 K + S, whilst the capacity 
between all three cores bunched together and the lead sheath 
is 3 S'. 
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From the data already given, therefore, we have 

2K + 8 = 0.26 microfarad. 
38 = 0.5 
from which we deduce K= .045 

and 8 = 0.17 „ 

Now the combined self-induction of two transformer windings 
in series shunted by a third transformer winding, each winding 
having a self-induction of 87 henrys, is obviously 1^x87 = 58 
henrys. Our circuit, therefore, resolves itself into reactive 
branches consisting of a self-induction of 58 henrys shunted 
by a capacity of .045 microfarad, this combination being in 
series with a capacity of 0.13 microfarad (Fig. 39), 



K+4 
= 13 



1 



K- 045 i 



L-58 



Fig. 39. 

The reactance of the conderlser and self-induction in parallel 
will be : — 

I -f^L¥L ^ i-(3i4)'-^x58x.o45xio-6 ^ ^ ^"'"^^' 

which may be considered as in series with the condenser of 
0.13 microfarad. 

But the condition for resonance is that K shall be equal to 



, or K. ^ - - = " 

fV (314)2x78 io'» 



We see, therefore, that the necessary condition for resonance 
is satisfied in this instance at the fundamental frequency of the 
circuit, and highly destructive pressure rises have been found 
to occur under the conditions set out above. 



Power Surges. — The most important rises of pressure upon 
transmission lines are usually those due to power surges, such 
as are obtained when a short circuit occurs upon the line, largely 
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increasing the current, which is subsequently interrupted. The 
surge pressure in such cases has been found to depend almost 
entirely upon the magnitude of the current flowing, and to be 
independent of the length of the line and its working pressure. 

If we have a circuit made up of a large condenser K (Fig. 40) 
in series with a self-induction L, and suppose the condenser to 
be charged to a high potential, we know that on closing the 
switch S the condenser will discharge itself through the self- 
induction, the current increasing until the condenser is fully 
discharged. At this instant the whole of the potential energy 
stored in the condenser is now stored in the self-induction in 
the form of electro-magnetic energy. The current will not 
cease to flow abruptly, but will continue in the same direction 
due to the E-M.F. of the self-induction until the condenser is 

L K 

— •^nmsvm^ • 



\ 
\ 
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s • 

Fig. 40. 

again charged, but with reversed polarity to that originally. 
The condenser again discharges into the self-induction, and 
the current oscillates until the energy of the charge is used up 
in the heating of the circuit. 

The energy stored up by a condenser of K farads charged 
to a potential of V volts in watt-seconds is given by the expres- 
sion |KV^ Again, the energy stored up in the magnetic field 
of a self-induction of L henrys, when carrying a current of 
C amperes in watt-seconds, is given by the expression JLC^ 
and this same amount of energy may appear alternately as 
potential or electro-magnetic in a precisely similar manner to 
the energy of the bob of a swinging pendulum, which is wholly 
potential at the end of its swing, and wholly kinetic as it passes 
the lowest point of its swing. 

In the case of long transmission lines, or extensive networks 
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of extra high-pressure cables, we have considerable capacity 
and self-induction, and when such circuits are carrying heavy 
currents at the instant they are interrupted, the total energy 
stored electro-magnetically in the field surrounding the con- 
ductors of the circuit will appear as potential energy, charging 
up the circuit to a very high voltage. 

Taking as an example the case of an overhead transmission 
line, we may assume the self-induction L of one line wire per 
mile to be .0037 henry, and its capacity 0.8 x lO"^ farad. If 
a short circuit occurred, causing the interruption of the line 
when the current had an instantaneous value of 150 amperes, 
we get for the value of iLC^ the electro-magnetic energy of the 
circuit : — 

.0037 X ^150; =42.4 watt-seconds. 

2 

Now upon the interruption of the line this energy must 
appear as a charge increasing the potential of the circuit ; in 
other words 

JKV2 = 42.4 

= V ^ .8 
= 103,000 volts. 

Experiments made in America upon a line 100 miles in 
length, short circuited at the far end, resulted in a power surge 
which jumped spark gaps 4J in. in width at the generator end 
of the line. Allowing 24 kilovolts as an ordinary value of the 
dielectric strength of air, this sparking distance would in itself 
correspond with an instantaneous pressure rise of 108,000 volts. 

It will be found that in cable systems the pressure rises 
are not anything like so great under the same conditions. For 
instance, in the case of a 20,000-volt .05 sq. in. three-core cable 
we may take L = .748xio"^ henry per mile, K = .2iixio"^ 
farad per mile, and assuming the current interrupted to have 
an instantaneous value of 150 amperes as before, we get — 

^LC2 = -748x (150)^^8.4 



or V- 742.4x2x108 



2 X 10^ 



and V = ^ -^ = 8,940 volts. 

In practice power surges are very much more complicated 
than might be assumed from the above theoretical considera- 
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tions, and in general the voltage rise due to a surge will be 
superposed upon the working pressure of the line. 

It will thus be seen that a line working at a very high 
pressure, but with a small current, may not be subjected to so 
high a surge pressure as a line at lower working pressure but 
having a much larger line current. 

When a transmission line is interrupted, it may be shown 
that a pressure oscillation will be started of maximum value V, 
which will be slightly less than that given by the expression : — 



v=yv,2+c,2 



Pressure 


Line 


TO Earth. 


Current. 


Volts. 


Amperes. 


48,000 


50 


28,000 


100 



L 
K 

Where Vj = instantaneous value of line pressure at time of interruption. 
Cj = instantaneous value of line current at time of interruption. 
L = self-induction per mile per conductor in henrys. 
K = capacity per mile per conductor in farads. 

Take the following examples : — 

Line 
Pressure. 

Volts. 

(a) - - - - 60,000 

(If) - - - - 30,000 

And values of L and K : — 

L = . 00197 henry per mile. 
K = .oi53 microfarad per mile. 

If we assume that the current is doubled by a short circuit 
at the time of the line being interrupted, and that the instan- 
taneous value of the line pressure is equal to the effective 
pressure, then we get for the first case : — 

Va = \/(48ooo)2 + 1288 X lo^ = 60,000 volts ; 

and for the second case : — 

V^= \/(28ooo)2 + 5i52 X io^= 77,000 volts. 

It is of interest to compare the above results with the surge 
pressures likely to be set up upon an underground cable system. 
Take, for example, a three-core 20,000-volt cable — 

Line Pressure Line 

Pressure. to Earth. Current. 

Volts. Volts. Amperes. 

W - - - - 20,000 11,550 75 
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Normal values for L and K in this case are : — 

L = .748 X io~^ henrys per conductor per mile. 

K = 0.21 1 microfarad Y capacity per conductor per mile. 

Assuming that the working current is doubled at the 
moment of interruption, and that the value of the pressure V^ 
is at its maximum, we get for Wc — 

= 18,650. 

The insulation between cores and lead sheath would thus be 
.subject to an instantaneous excess pressure of 18,650—16,340 
= 2,310 volts under the conditions assumed. 

Reflected Waves. — If a b, b c, and c d (Fig. 41) represent 
open troughs containing water, we know that if a disturbance at 




Fig. 41. 

C cause a wave to proceed in the direction c D, this would, on 
reaching D, be reflected, the amplitude of the wave being 
increased to double its original value. 

Suppose a similar disturbance to take place at A, causing a 
wave to travel in the direction A to B, upon reaching B the 
smaller trough B C will be unable to absorb the wave, resulting 
in an increase of its amplitude which may be nearly twice that 
of the original wave. A wave of increased amplitude now 
traverses the trough B C, and is similarly increased in amplitude 
to nearly twice its value at the point C. A wave of four times 
the amplitude of the original disturbance will now traverse the 
trough C D, and will finally be reflected at the closed end D with 
an amplitude approaching eight times that of the original wave. 

A transmission line may be considered as made up of a 
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number of reactances and capacities arranged as illustrated by 
Fig. 42. 

If the switch is closed, applying a high voltage to the cable 
instantaneously, the current will be retarded by the back E.M.F., 
due to the building up of the field round the cable cores, and 
the charging up of the cable will be accomplished gradually 
through the reactance of. its cores. 

The current will increase in value and reach its maximum 
at the instant the cable is charged up to the applied pressure. 
The charge having reached the open end of the line the current 
tends to stop, but the energy stored in the magnetic field of the 
cable due to its self-induction (corresponding to kinetic energy 
in a moving body) now tends to keep the current flowing, which 




Fig. 42. 

continues to charge up the open end of the cable to double the 
applied pressure or thereabouts. 

A wave of double pressure is then reflected along the cable, 
and the potential of the cable will oscillate, as shown by Fig. 43, 
until it gradually settles down at line potential. 

If the self-induction per mile of one core of a transmission 
line or cable is "/" henrys, and the capacity per mile of core 

is " k " farads, it may be shown that the quantity \J r-, repre- 
sents the velocity in miles per second with which an electrical 
disturbance would be propagated along the core, this velocity 
being so great that the resistance of the cable may be neglected. 
When such a cable is switched on to an alternator, electrical 
impulses pass into the cable and are reflected at its open end. 
Should it happen that such impulses return to the generator end 
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of the cable in the time represented by one half period of the 
generator wave, we get conditions favourable to resonance, since 
the reflected waves would then be in phase with the generator 
waves. In other words, if the time required by the impulses to 
travel four times the length of the cable corresponds with the 
periodic time of the alternator, the pressure will increase due to 
resonance until a breakdown of the insulation occurs. 

As an example, take the case of a network having 80 miles 
of .05 three-core 20,000-volt cable, we may assume — 

/= .748 X io~^ henrys per mile ; 
^ = .211 X io~^ farads per mile. 




Time. 



The velocity of propagation will be 



y 



x^= 79,600 miles per second, 

and the frequency of the natural period of oscillation is 

79600 J 

^ — = 250 per second. 
80 X 4 

Hence, with an alternator giving a pressure wave of 50 cycles 
per second, and having a pronounced sth harmonic impressed 
upon it, we should expect to get resonance and a serious rise of 
pressure from this effect. 
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A further phenomenon of pressure rise or concentration of 
potential is very much in evidence on most systems working at 
extra high pressure. If we have a loop of copper wire shaped 
as in Fig. 44, it is well known that a static discharge passing 
from A to B will jump across the air-gap in preference to 
traversing the metallic shunt to the air-gap formed by the 
wire. The reason being that a self-induction behaves almost 
as a complete insulator when subject to such extremely rapid 
oscillations of pressure as occur with static discharges. In the 
case of transformers or motors switched on to high-pressure 
lines, the pressure at the instant of switching on is concentrated 
between the first few turns of the windings. Each of these 

A B 




Fig. 44. 

turns has a self-induction, a capacity to the next turn and a 
capacity to earth (Fig. 45), and until these capacities become 
charged up, which process is delayed by the very large self- 
induction effect resisting the charge, the adjacent turns or layers 
of the windings upon the end coils may have to withstand the 
full potential of the circuit concentrated between them. 

It is to be noted that precisely the same effect will result if 
one terminal of the transformer or motor becomes suddenly 
earthed through a fault. The end turn in this case will be 
instantly brought to earth potential, but the self-induction of 
the adjacent turns will resist the immediate change of condition 
resulting in a high potential gradient across the insulation. 

Various remedies have been suggested for reducing this 
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effect, probably the simplest and most effective being to pro- 
vide choking coils external to the motor or transformer 
terminals to take the shock at switching on, &c. 

In the case of E.H.T. transformers also there is another 
effect met with, although of comparatively rare occurrence. This 
is the current rush which sometimes occurs upon switching the 
transformer into the circuit, resulting in a pressure rise, and is 
generally explained by the supposition that the magnetic con- 
dition of the iron at the instant of switching off was retained, 
and of such sign and value as to greatly assist instead of impede 
the primary current at the instant of switching on. In the case 




Fig. 45. 

of motors, however, the slowing down of the rotor generally 
tends to wipe out any residual magnetism in the stator. 

Wave Forms. — A conductor revolving with uniform velocity 
in a uniform magnetic field will have a pressure wave of true 
sine form impressed upon it, and if we plot on squared paper 
its values at equal intervals we have a representation of what is 
known in mechanics as a pure harmonic motion. Such a curve 
would be traced by a pencil attached to the bob of a heavy 
pendulum under which a piece of drawing paper was moved 
with constant velocity at right angles to the direction of swing 
of the pendulum. It is, however, rarely in practice that a 
pressure wave of this form is obtained, and even in cases 
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where an alternator develops a true sine pressure wave, the 
resultant current wave will often have a form which is con- 
siderably different from that of the pressure wave owing to the 
fact that ordinary circuits in practice, such as those containing 
arc lamps and other apparatus, do not possess constant resistance 
or reactance. In recent years effective steps have been taken in 
the design of alternators to produce pure sine waves by the 
shaping of pole-pieces on the rotors, and the angular spacing 
of the conductors upon the stators to counteract the effects of 
irregularities in the magnetic field due to the stator slots. Fig. 
46 shows the form of pressure wave of a generator having six 
stator slots per pair of poles. The equation of the curve shown 
in this figure may be expressed in the form : — 

V = Ai sin ((9 + <^i) + A3 sin (3^ + <^8) + A^ sin (5^ + c^g), &c. 

Where A^, A3, Ag, &c., are the amplitudes of the fundamental 
wave, 3rd, sth, &c., harmonics, respectively, and <^i, <f>^, <f>^, &c., 
give the phase displacements of these harmonics. The values 
of Aj, A3, &c., <^j, <^3, &c., for the wave form shown in Fig. 46, 
are given in the following table : — 

TabLe XX. 



Order of 


Amplitude in 


Phase Displacement 


Harmonic. 


Volts=A. 


in Degrees =0. 


1st - 


6,750 


• • • 


3rd - 


148 


156 


5th - - - 


1,190 


171 


7th - 


45 


75 


9th - 


18 


27 


nth - 


418 


166 


13th - 


185 


131 


15th - 


97 


108 


17th - 


270 


23 



It will be noticed that the most important harmonics are 
the Sth, nth, and 17th. In general, if there are / slots in the 
stator of the generator per pair of poles, the most important 
harmonics to be expected are the (p—i)th or the (^+ i)th. 

If we plot a sine wave and impose on it an even harmonic 
(Fig. 47), it is seen that the two halves of the resulting wave 
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become dissimilar, and we deduce from this that even harmonics 
will not be present in the pressure waves of commercial alter- 
nators. If upon the fundamental wave we impose a third 




Fig. 46. 

harmonic or any harmonic of a multiple of three times the 
fundamental frequency, the three pressures, one in each phase, 
become superposed, that is, they all act in the same direction at 
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Fig. 47. 



the same instant in each phase. This result is of great import- 
ance in practice. For instance, with delta-connected alternators 
and a pressure wave possessing triple frequency harmonics, idle 
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currents will circulate round the closed mesh formed by the 
three delta-connected windings. 

Again, if two or more star-wound alternators with earthed 
neutral points are worked in parallel, the pressure wave of one 
of them possessing a triple frequency harmonic, whilst those of 
the others are practically sine waves, heavy triple frequency 
currents may result, flowing between the neutral points and 
the phase windings of each machine. In order to avoid this, 
the practice of earthing one machine only in the station has 
sometimes been adopted. 

The writer took oscillograms of such currents on a three- 
phase system, and found that they varied throughout the day 
with the nature of the load on the station, and according to the 
capacity of the cables and self-induction of motors, &c., on the 
circuits. It was found that capacity currents of frequency 
3, 6, 9, &c., times the fundamental wave were flowing between 
the neutral points of the generators and earth. An account 
of some observations made upon these earth currents will be 
found in the Journal of the Institute of Electrical Engineers^ 
Vol. xxxiii.. Part i66. 

The complete analysis of any irregular wave form may be 
readily effected by a number of well-known methods. Space 
will only permit here of the description of the following simple 
and approximate method. 

Divide the complete wave from o to 360°, or both positive and 
negative portions, into the same number of parts as the order 
of the harmonic it is desired to examine. That is, if we wanted 
to determine the amplitude of the 3rd harmonic with reference 
to the fundamental wave, we should divide the complete wave 
into three parts, and again subdivide the zero line of each of 
these three parts into the same number of equal divisions. Add 
the ordinates of each of the three parts at corresponding divisions 
of the zero axis, and divide the result by 3 for the third harmonic, 
5 for the 5th harmonic, and so on. These results will give 
points upon the harmonic curve which can then be plotted on 
the axes of the pressure waves under examination. The reason 
for this procedure is obvious, since the addition of the ordinates 
in a pure sine wave divided into equal parts at corresponding 
points would always be zero, whereas the ordinates of the 
harmonics would have equal values at corresponding divisions 
in the equal parts positive and negative, and hence the reason 
8 
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for dividing the sum of the ordinates by the order of the 
harmonic or number of subdivisions of the wave. As an 
example, take the pressure wave illustrated by Fig. 48. 
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Fig. 48. 

To determine the amplitude of the 3rd harmonic, we 
divide the curve into three parts as shown. We then 
superpose these three divisions (Fig. 49), and add corre- 



100 


\ 


/^ 




50 


y 









\\ 


/7 


120 


y^ HARMONIC 


>v\ 


{ 


■ 


50 


V 


H^ 




100 


V. 


J ^ 





Fig. 49. 

sponding ordinates, dividing each sum by 3, the result gives 
the ordinate of the 3rd harmonic at each of the respective 
points. It is to be noted, however, that the curve so obtained 
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Fig. 50. 




Fig. 51. 
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may not be a true sine curve. The variation in wave form due 
to any particular harmonic as its displacement relatively to the 
fundamental wave is increased, is shown by Figs. 50 and 51. 
The successive curves are obtained by the displacement of a 
third and fifth harmonic with an amplitude of one-fifth of the 
fundamental by 90" and 180° respectively. It is evident that, 
according to the displacement of the harmonic relatively to 
the fundamental wave, the maximum instantaneous pressure 
may be increased or diminished. This brings us to the con- 
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Fig. 52. 



sideration of what is known as the form factor of a pressure 
wave. 

The usually accepted definition of the form factor of a pressure 
wave is the ratio of the maximum ordinate to the square root 
of the mean square of the ordinates. 

Thus for a sine wave the form factor is \/2= 1.414, whereas 
for peaky waves it may be as high as 2. 

It is important to note that a peaked pressure wave will 
cause less core loss in transformers, motors, &c., than a flat- 
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topped wave for the same effective voltage, for with a peaked 
wave the effective or \/mean square value becomes greater in 
proportion than the mean value. 

Since, with transformers also, the pressure developed by the 
secondary winding will be proportional to the primary current 
irregularities of the wave form applied to the primary terminals 
and accentuated by the capacity of the high-pressure feeder 
cables, will be reproduced upon the low-pressure voltage wave 
of the secondary circuits. 

It is often of importance in the case of relays and protective 
gear to eliminate harmonics from the wave form of the secondary 
circuit of current transformers. This is usually effected by 




Fig. 53. 

shjLinting the primary winding by a non-inductive resistance as 
shown in Fig. 52. 

In this case the high frequency currents impressed upon the 
fundamental wave experience greater resistance to their flow 
through the inductive primary winding than through the non- 
inductive shunt, and in this way ripples in the secondary current 
wave tend to become smoothed out. 

Rotation of Harmonics. 

If three equal E.M.Fs., ^j, ^3, ^3, at phase differences of 120*" 
be connected up in delta (Fig. 53), triple frequency harmonics 
will act in the same direction in all three phases at the same 
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time, and will produce circulating currents in the closed wind- 
ings. The remaining harmonics differ in phase by 120° in each 
of the three windings. 

Thus harmonics i, 7, 13, 19, 25 combine at +120° phase, 
whilst harmonics 5, 11, 17, 23 combine at - 120° phase. This 
is shown graphically by Fig. 54. 

If the fundamental wave gives a rotating field in one direc- 
tion, harmonics 7, 13, 19, 25 will give rotating fields in the 
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same direction, whereas harmonics 5, 11, 17, 23 will give rotating 
fields in the opposite direction, the speed of field rotation being 
proportional to the frequency of the harmonic in each case. It 
will thus be evident that the presence of harmonics may have 
the effect of diminishing or increasing torque in induction motors 
and other plant. 

Since only odd harmonics can exist in the wave form of 
commercial alternators, the relative frequency of these will be 
given by the expression (2K— i)«, where n is the frequency of 
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the fundamental wave and K has successive integral values from 
unity upwards. 

The pressure wave of any alternator will, therefore, be 
represented by the sum of all such terms as : — 

E/ sin (27r/«/+ OJ), 

Where Ey is the amplitude of any harmonic. 
j is the order of the harmonic. 
n is the fundamental frequency. 
Oj is the phase displacement of the harmonic. 

if the circuit to which this pressure wave is applied is of a 
non-inductive character and of resistance R, the current wave 
will be given by the sum of all such terms as : — 

i-Ey sin {2Trjnt^ej), 

If the circuit contains a constant inductance, the impedance 
offered to higher frequency current components will increase in 
proportion to their frequency, and these will tend to be smoothed 
out from the resulting current wave. 

If the circuit includes a condenser on the other hand, the 
impedance offered to the higher frequency current components 
will be diminished, and accordingly these will be magnified in 
proportion to their frequency in the resulting current wave. 
Moreover, the phase displacement of the current components 
with regard to their corresponding pressure components will in 
each case vary with the reactance of the circuit. 

Now for a sine wave the effective value or root mean square 
of its ordinates, the quantity indicated by a voltmeter is obtained 
by dividing the maximum ordinate by V2, hence with an 
irregular wave form the voltmeter reading will represent the 
square root of the sum of all such terms as — 

E2y 
2 

The instantaneous value of the watts is obtained by multiply- 
ing the instantaneous values of the volts and amperes, and is — 

— (2 Ey sin (2'KJnt \ e)jY for a non-inductive load. 

The average value of this in the case of an inductive circuit 
may be obtained by multiplying the ordinates taken from current 
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and voltage oscillograms, and then taking the mean. If capacity 
or self-induction be present, there will be a discrepancy in the 
values so obtained for reactive and non-reactive circuits 
respectively. 

The impedance of a circuit of resistance R, self-induction L, 
and capacity K is — 

Impedance = a/r^ + (pL - -^ 

where pL is that part of the reactance due to self-induction and pro- 
portion to the frequency. 

-:=_ that due to capacity and inversely proportional to the 
frequency. 

Hence the impedance of the circuit to an harmonic of the 
«th order is — 

Imp„ = yR^ + («/L+-i^y 

It may be of interest to consider at this point the varia- 
tion in wave form produced by long E.H.T. cables. We may 
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Fig. 55. 

assume that a number of generators in parallel feeding the cable 
on open circuit have a combined self-induction which is negligible. 

Take the case of a 20,C)00-volt 0.05 three-core cable 50 
miles in length. 

The Y capacity per core per mile is .211 microfarad, or for 
SO miles 10.55 microfarads. 

The self-induction per core per mile is .748 milli-henry, or 
for 50 miles 37.4 milli-henrys. 

The ohm ic resistance per core per mile is .858 ohm, or for 
50 miles 42.94 ohms. 
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We may assume with close approximation that the total 
capacity is shunted across half of the line, as in Fig. 55. 
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If the frequency « for the fundamental wave is 50-- and 
p = 2Trn ; if V^ = voltage at condenser, and V = voltage at gener- 
ator, it may readily be shown that 



VI 



Inserting values in the above expression and denoting by N odd 
multiples of the fundamental frequency, we get : — 

VI I 



V V I - N-'(.o34) + N4(.ooo376) 

Taking values of N=i, 3, 5, &c., in succession, we get cor- 

yi 
responding values of -^ as follows : — 
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n 

V 

I 1.016 

3 iio 

5 1-435 

7 2.06 

9 1.18 

II 0.64 

It will be noted from the above ratios that the amplitude of 
the 5th harmonic is increased by over 43 per cent., whilst that 
of the 7th harmonic is increased by over 100 per cent. These 
results are shown graphically by the curve, Fig. 56. 



CHAPTER VI 

EARTHING 

In the very early days of single-phase alternate current 
working with high potentials it was recognised that with a 
completely insulated system of generator and cables, the 
potential to earth of the system would oscillate about a 
certain value represented by some point, such as o in Fig. 57, 
this point being either at earth potential or some other 
potential above or below earth depending upon whether the 
system as a whole was electrostatically charged. In addition, 




Fig. 57. 

that the position of the point O would depend upon the leak- 
age from the poles of the system to earth. It soon became 
apparent that cables which would prove sufficiently strong 
to work entirely insulated would, should their insulation become 
defective on one pole of the system, be subjected to a much 
greater pressure. For instance, if one pole of the generator 
became earthed, the potential in this case would oscillate about 
the point o'. Fig. 58, with double the amplitude of that in 

Fig. 57. 
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The practice of earthing one pole of the alternator per- 
manently was then adopted, and the cable insulation made 
sufficiently strong to withstand the maximum variation in the 
potential of the system to earth likely to be met. This 
arrangement also proved of benefit in enabling measuring 
instruments, &c., to be inserted in proximity to the earthed 
terminal of the generator, and thus kept at earth potential. 

A simple method for determining the potential of partially 
insulated systems has been developed by Mr M. B. Field. The 
following example will illustrate the principles involved. 

In the diagram, Fig. 59, let OA, OB, and OC represent the 
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E.M.Fs. in the three windings of a star-wound generator. If 
the windings and circuits to which they are connected are 
completely insulated, it may happen that no part of the system 
is at earth potential. If the pole A be connected to earth the 
diagram may be considered as revolving round the point A as 
centre when the potentials of the poles C and B relatively to 
earth will be given by the lengths of the vectors AC and AB. 
If the three poles are all partially insulated, their relative 
potentials to earth will similarly be given by the revolution of 
the diagram about some other point, such as o', in which case 
the line 00' represents in amplitude and phase the potential 
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of the neutral point of the windings, and lines drawn from o' to 
the three terminals A, B, C will similarly represent in amplitude 
and phase the potentials of these three terminals relatively to 
earth. 

If, therefore, we can find the length and phase relationship 
of the line 00' we know at once the potentials of each point 
of the system relatively to earth. 

The length and position of the line OO' is governed by the 
condition that the sum of all leakage currents flowing to earth 
is zero at every instant. 




Fio. 59. 

It may be readily shown that the position of the point o' on 
the diagram is the same as the centre of gravity of three masses 
placed at A, B, and C, each proportional to the conductivity 
of the leakage paths to earth from these respective terminals. 

As an example, assume the star-wound generator (Fig. 59) 
connected up to a cable system, the insulation of the cores in 
connection with each terminal being as follows : — 

Terminal A = 60,000 ohms conductivity = 166 x io~^ 



>» 



>> 



B = 30,000 
C = 20,000 



>> 



»> 



>» 



yy 



= 334 X 10 



-6 
s-6 



= 500 X 10 
The sum of the conductivities is thus 1,000 X io~^ or .0001, and 
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the total insulation of the system to earth is io,ooo ohms. 
Neglecting capacity currents in the first instance, the currents 
to earth from A and K alone would be equal if the line AB 
revolving around the point D, the lengths bd and ad being such 
that BD X 334= AD x i66, or AD nearly twice BD. 

Further, the total leakage paths from A and B of conduc- 
tivity - ,r— or - — 7. may be considered as concentrated at 

the point D, and as the leakage path from C has an equal 
conductivity the point P' midway along the line CD will repre- 
sent the point at earth potential of the system, and the whole 
diagram may be considered as revolving round the point P' as 
regards the relative potentials to earth of other points upon the 

system. 

So far no account has been 
taken of the capacity currents 
flowing to earth from the three 
cores of the cable system in 
connection with the generator. 
These, as will be shown later, 
determine to a great extent the 
position of the point at earth 
potential on the diagram. 
Fig, 6o. It will be necessary, however, 

to first consider the potential of 
a circuit which has leakage paths to earth due to conductivity 
and also to capacity. 

Take the case of a single-phase generator whose E.M.F. is 
represented by the rotation of the vector AB, Fig. 6o. 

If we have paths of conductivity to earth in connection with 
each of the poles AB, the point at earth potential will be in some 
position between AB as already explained. Assume now that 
we have a capacity to earth of K farads in connection with 
terminal A, and a path to earth of resistance R ohms in connection 
with terminal B. 

The current to earth through the capacity at A will be 90*" 
in advance of the pressure inducing it, whereas the current to 
earth through the resistance at B will be in phase with the 
pressure inducing it. 

The position of the zero potential point must be such that 
these two currents are equal and opposite at every instant. 




Earthing 127 

It will be found that the locus of the zero point is a semi- 
circle described upon the line'AB as diameter. 

Assume the diagram to rotate around the point P as 
centre, then the length of the vector AP will represent in 
phase and magnitude the pressure acting upon the capacity 
between terminal A and earth. This will produce a current 90° 
in advance of the pressure in the direction pb', and of amount 
2Tr;^Kx(AP) amperes. On the other hand the length of the 
vector PB represents in phase and magnitude the E.M.F. acting 
upon the resistance R, and inducing a current in it of amount 

■ ■P ^ amperes in the direction PB. 

Now the condition that P is at earth potential is that these 
currents are equal and opposite, that is 

APx27r«K = BPx^ 

R 

AP T 

or 



BP 27r«KR 



If we drop a perpendicular PC from the point P we get the 
geometrical relation : — 



AC^AP2 
CB BP2 



\27r«KR/ 



We may now proceed to consider the combined effect of 
capacity and resistance in the case of the star-wound generator, 
whose E.M.Fs. are shown diagrammatically by Fig. 59. 

Assume that the generator is connected up to a one-mile 
length of 0.15 sq. in. three-core 5,000- volt cable. The Y 
capacity of this cable per core per mile may be taken at 0.285 
microfarad, and if we assume a frequency of 50 cycles we get 
for the permittance of the leakage path 

27r X 50 X .285 89.4 



10^ 10^ 



As we have assumed that the capacity to earth in connection 
with each terminal of the generator is the same, which would 
usually be the case in practice, we may consider the total 
capacity leakage paths concentrated at the central point O of 
the diagram, and of permittance 

89.4x3 268.2 



10^ 10^ 
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The total conductivity leakage paths may similarly be con- 
sidered as concentrated at the point p' as before and of amount 

lOOO 



io« 



Upon op' describe a semicircle, and divide OP' at a point 
C' such that 

OC_/ I y_ / io« V = -i- 

CP' \2?r«KR/ \2ir x 50 x 268.2 x 10000/ 7.18' 

From the point C' draw a perpendicular Cp to meet the 
semicircle at the point P. The point P will be the zero 
potential point on the diagram. It is important to note the 
considerable stability given to the neutral point of a star-wound 
generator by the presence of equal capacities of comparatively 
small amount between each phase and earth in the cable system 
to which it is connected. In practice there would usually be 
a much greater length than one mile of cable in connection with 
any generator running, and in such a case the zero potential 
point of the system would be indistinguishable from the neutral 
point of the generator, in spite of considerable variation in the 
ohmic resistance between each phase and earth. 

The argument is sometimes put forward that with the 
neutral point of the system insulated there is less danger from 
shock to any one coming accidentally in contact with one pole 
of the system. Since, however, the effect of capacity is to keep 
the neutral point at earth potential, an attendant making contact 
between one pole and earth through his body would receive 
practically the same shock as if the neutral point of the gener- 
ator be permanently connected to earth. 

For the same reason electrostatic voltmeters connected 
between each pole of the system and earth will not indicate 
defective insulation until this becomes so low that a breakdown 
results immediately the voltmeters show an appreciable difference 
in their readings. 

If the vectors OA, OB, and OC (Fig. 61) represent the 
E.M.Fs. of a star-wound generator by the rotation of the dia- 
gram about the neutral point O, and Oa, oby and Or, represent 
the amplitude of a triple harmonic, it is obvious that since 
the speed of rotation of Oa, O^, and Oc is three times that of 
A, B, c, whilst the line OA moves from the position OA into the 
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position OB, OUy ob, and Oc will have made one complete revolu- 
tion and the E.M.F. O^ will now act on OA in its new position OB. 

We see, therefore, that at the same instant the harmonic 
E.M.Fs. are acting from the neutral point O simultaneously in 
all three phases of the system. 

Accordingly, if equal leakage paths exist in connection with 
the poles of a generator having its neutral point insulated, the 
potential of the neutral point will be raised above earth by 
the amount of the triple frequency E.M.Fs. 

If the neutral point be not earthed, and the insulation of the 
system is perfect, the triple frequency E.M.Fs. will balance one 
another, and the pressure be- 
tween the neutral point and 
each phase will not contain 
triple frequency ripples. 

With the neutral point of 
the generator earthed, however, 
the triple frequency E.M.Fs. 
are superposed upon the pres- 
sure of each phase winding, 
and may increase or diminish 
the maximum value of the 
pressure wave according to the 
phase displacement of the triple 
frequency harmonics. 

The pressure between phase 
and earthed neutral being expressed by V where 

V = A sin ^ + B sin 3^ + C sin 9^, &c. 

it has been shown in Chapter V. that the effective value of this 
or the amount indicated by a voltmeter is 

Vi>v/i(A2 + B2 + C2, &c.). 

Where Ihree-phase star-wound alternators are run in 
parallel with earthed neutral points, some special conditions 
have sometimes to be met in practice. The usual connections 
are illustrated by Fig. 62, OO' being the neutral points of the 
generator windings, AB a neutral bar earthed through the 
resistance R. The objects of earthing are threefold in the 
case of three-phase generators feeding transmission circuits : 
(i) To maintain the correct relative potential between each 

9 
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phase and earth ; (2) To restrict the current through a fault on 
the cable system to that sufficient to operate the circuit breakers 
clearing the fault ; (3) To dissipate electrostatic charges pro- 
duced by external or internal influences. 

It will be evident that if the wave form of one machine 
differs from that of the others in possessing pronounced triple 
frequency harmonics, heavy currents may circulate within the 
closed circuits formed by the windings of the machines in 
parallel. Moreover, the direction of these triple frequency 




t 



,,Wn, 



WM 



B 



£ 

Fig. 62. 



currents in the phase windings being such as to produce 
opposite magnetising effects upon the stator iron, the parallel 
circuit of three branches between each neutral point will . tend 
to be non-inductive. 

Various devices have been adopted and proposed for 
preventing these triple frequency circulating currents. In 
some cases the neutral point of one machine alone is earthed. 

The use of choking coils and a combination of choking 
coils and condensers has also been suggested, placed between 
the neutral points of the generators and the earthed bar. It is 
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evident that the impedance to triple frequency currents offered by 
a choking coil possessing approximately constant self-induction 
would be nearly three times that opposed to currents of funda- 
mental frequency, and hence the circulating currents would be 
damped out to a greater extent than currents of normal frequency 
to earth due to a short circuit on the cable system. 

The combination of a suitably proportioned capacity and 
self-induction in the earth circuit is also interesting, since this 
combination ' can be tuned to offer practically no impedance to 
currents of normal frequency, whilst possessing considerable 
impedance for currents of triple frequency. 

A further method of eliminating these circulating currents 




Fig. 63. 



consists in the employment of three single-phase transformers 
having a ratio of 3 to i, the secondary windings being con- 
nected in series between the neutral point of the generator 
with irregular wave form and the earthed bar. The resultant 
triple frequency E.M.F. is thus made to cancel that existing 
between the neutral point of the generator and earth. 

Three delta-connected transformers are frequently employed 
for feeding a transmission line ; under normal conditions, with 
equal leakage currents from each line and assuming the absence 
of electrostatic charges from lightning, &c., we may consider 
the potential of the transformer windings relatively to earth, as 
given by the rotation of an equilateral triangle about its centre 
of gravity O, as in Fig. 63. 
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If from any reason, however, the leakage current from any 
one line is much in excess of that from the other two, the axis 
of rotation of the triangle will be transferred from the point O 
to a point near the pole o', and the whole triangle will rotate 
about this point (Fig. 64). In this case it will be seen that 
the high-pressure windings of the transformers will be charged 
alternately plus and minus to the full potential between line 
wires. 

Now, the low-pressure winding of the transformers and ad- 
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jacent high-pressure windings will possess considerable electro- 
static capacity. Moreover, if the generator feeding the low- 
pressure windings is entirely insulated from earth, an additional 
capacity will exist between the generator windings and primary 
windings of the transformers and earth. We shall, accordingly, 
have the condition of things represented by Fig. 65. 

The total line pressure will be divided between the two 
condensers A and B in series in the inverse ratio to the capacities. 

As an example, assume a 5,000-volt generator having a 
capacity between windings and earth of .003 microfarad per 
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phase, whilst the capacity between the windings of each trans- 
former is .GDI microfarad. It is evident that with a line 
pressure of 60,000 volts the generator insulation may be sub- 
jected to a pressure of 15,000 volts, whilst the insulation between 
the windings of the transformers will be subjected to a pressure 
of 45,000 volts. 

A pressure of three times the working pressure would be 
very severe upon the generator insulation and likely to cause 
breakdown, whereas by the simple expedient of earthing the 
neutral point this danger would be averted. 
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Similar considerations will exist as regards the receiving end 
of the line where step dawn transformers are employed. 

With transformers wound for very high potentials such as 
100,000 to 200,000 volts, the windings are found to possess con- 
siderable capacity, and, in addition, more or less self-induction 
due to magnetic leakage. 

When one pole of the high tension winding of such a trans- 
former is earthed, and the other pole is on open circuit, the 
capacity current will be a maximum at the point where the 
windings join the earth connection. 
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If, on the other hand, both poles of the high tension winding 
are insulated and the mid-point of this winding is available, it 
will be found that the maximum value of the capacity current 
is at the mid-point of the winding. 

The capacity currents in the E.H.T. secondary windings of 
such transformers on open circuit react upon the primary 
magnetising current, and in some cases may render this a 
leading current instead of a lagging one. 

It may thus happen that resonance occurs due to the 
capacity and self-induction of the H.T. windings causing very 
considerable and sudden rises of pressure. 

A type of extra high-pressure transformer designed by the 
Oerlikon Company is illustrated by Fig. 66. The transformer 
is enclosed in an oil tank, and pipe coils for circulating cooling 
water are arranged in the upper layers of oil. This type of 
transformer is used for normal working pressures of 40,000 volts 
and upwards. 

Where long transmission lines are used to convey power for 
lighting and industrial purposes to densely populated towns, it 
will generally be necessary to terminate the overhead lines at a 
substation outside the town, the supply being then transformed 
to lower pressure and distributed to other substations within the 
town itself by an underground network of cables. In such cases 
it is of the utmost importance to protect the underground cables 
at the point where they are connected to the overhead con- 
ductors through the transformers. In these cases the principle 
of earthing through a resonant circuit has also been effected 
with success. The substation building containing the trans- 
formers, switchgear, &c., is made to form a metallic cage by 
means of wire netting enclosed in the walls of the building and 
effectively earthed throughout. Each of the transmission lines 
is then connected through a resonant circuit consisting of a 
condenser and self-induction in series to the earthed metal cage. 
The resonant circuits are tuned to some value between the usual 
frequencies met with due to lightning discharges or high 
frequency power surges, and of the order of 50,000 to one million 
per second, to which they will offer little impedance. For the 
ordinary working frequency of the transmission line, however, 
the impedance of these resonant earth circuits will be almost 
infinite. In this way complete protection to the cable system 
has been secured. 
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In cases where the distribution of power to consumers is 
carried out by three-phase four-core cables, complete protec- 
tion of the low-pressure distributing mains from abnormal rise 
in pressure, due to leakage from the E.H.T. circuits of the 
system, is obtained by joining up the secondary windings of 
the transformers in star with the neutral point of transformers, 
and the fourth neutral conductor of each distributing main con- 
nected to an earthed bar at the substation. Where the low- 
pressure distribution, however, is also carried out by means of 
overhead conductors or three-core cables, additional safety 
devices may be required to safeguard against leakage from the 
extra high-pressure portions of the system. Such devices 
usually take the form of star-connected electro-magnets with 
shaded poles operating relay discs. The neutral point is 
earthed and the other end of each magnet winding connected 
to one of the three phases of the distributing mains. Any 
abnormal rise in pressure causing a disturbance of the relative 
potential between the low-pressure conductors and earth will 
thus operate the relays and cut off the low-pressure supply. 



CHAPTER VII 

LINE APPLIANCES 

Supports. — Line supports are required to resist stresses under 
ordinary conditions due to the following : — 

(i) Weight of wires assumed to act vertically. 

(2) Wind pressure on wires assumed to act horizontally. 

(3) Wind pressure on pole and brackets and insulators. 

If the direction of the line changes abruptly the resultant 
stress upon the support due to the tension in the wires is 
usually counteracted by the employment of extra stays or 
stronger supports. 

Occasionally the supports will be subject to unbalanced 
stresses due to broken wires, but under normal conditions 
stresses due to wind pressure on the supports and wires are 
the chief considerations. For long spans, lattice-work iron 
towers (Fig. 67) are now coming into general use, and possess 
several advantages. 

In designing an overhead line for power transmission at 
high pressure, the Board of Trade require that a maximum 
wind pressure of 30 lbs. per square foot be allowed for acting 
normally to any flat surface. In the case of cylindrical sur- 
faces, the wind pressure is found to be only about one-half to 
two-thirds of that on a flat surface. In calculating the effect of 
wind pressure, therefore, it is usual to take half of the projected 
surface in the case of wooden poles and two-thirds of the pro- 
jected surface in the case of the wires. 

If R = mean radius of a pole in inches. 

L = length of pole out of ground in inches. 
Lj = height from ground to centre of wires in inches. 

RL 

The wind pressure at 30 lbs. per sq. ft. = - lbs. 

As the resultant pressure acts at a point approximately half 
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the height of the pole, the equivalent pressure acting at the 
centre of the wires is : — 

RL L RL2 

X 



4.8 2L1 9.6 Lj 

Similarly, it may be shown that the wind pressure on a single 
wire is 1.67 dS taking two-thirds of its cylindrical diameter, 

where ^/= diameter of wire in inches. 

S = length of span in inches. 

The Board of Trade Regulations require that the maximum 
stress in overhead wires at a temperature of 22° Fahr. and with 
a maximum wind pressure of 30 lbs. per square foot shall not 
exceed one-fifth of the breaking stress of the wire. It is 
usual to assume that the curve taken by a suspended wire is 
a parabola, when the tension due to the weight of the wire alone 
is given by : — 

w. r\ 

8.S ' 

where W = weight in lbs. per foot. 

/= length of span in feet. 
S = sag of wire in feet. 

This formula also holds for any other consistent units of length 
employed. 

For copper the tension in pounds is given approximately by : — 

5.8 X area square inch, x (span in feet)^ 
Sag in inche| 

As there will be a certain amount of elastic extension of the 
wire, the sag will be more than given by this formula. The 
testing of the elasticity of any given wire is readily carried out, 
however, in practice by observation of the sag over different 
lengths of span. 

The tension due to wind pressure of 30 lbs. per square foot 
with a suspended wire of diameter ^, all lengths being taken in 
the same units, is : — 

— X ( - 

8^ \8 

and the tension due to the resultant of weight of wires and wind 
pressure is : — 
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It is obvious from the above formula that smaller wires 
experience greater stresses proportionally than those of larger 
diameters. 

The correct design of metal lattice work and other types of 
supports for overhead transmission lines involves a number of 
considerations common to all engineering structures, and fully 
dealt with by purely mechanical treatises. It is only proposed 
to consider here briefly some of the simplest types of supports, 
and to indicate a few of the general principles underlying their 
construction. 

It is shown in books on mechanics that if a bending moment 

equivalent to a weight W suspended at the end of an arm of 

length / acts at any section of a beam having moment of inertia 

W/ 
I, the material will be stressed to the extent -p- at i in. from 

the neutral line of the section. If the edge of the section is 
n inches away from the neutral line, the maximum stress will 
be n times this amount, and should this stress exceed the break- 
ing stress of the material fracture will occur. 

The quantity is generally called the strength modulus of 

the section. 

For rectangular sections this is given by — 

6' 

where b = breadth and d= depth. 

For a circular section, the strength modulus is — 

4 
where R is the radius of the section. 

If we denote by F the breaking stress of the material in 
pounds per square inch, the bending moment M at fracture for 
a rectangular support fixed at one end. and loaded at the 
other is — 

6 ' 
and for a support of circular section it is — 

M = F-Rs. 
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The value of F having once been obtained from a destruc- 
tive test of one support, the bending moment by which any 
similar support will be ruptured may be calculated. 

From a number of tests of fir poles it was found that the 
load in pounds VV which, applied at a height of L^ inches above 
ground level to a pole of radius R inches at ground level, would 
produce fracture, could be expressed by the following formula : — 

W = 6i28^. 

We have also seen that the equivalent wind pressure w on 
a pole acting at a height of Lj inches from this ground level was 

RL- 

w — — -—- lbs. 

9.6 Lj 

Hence, with a factor of safety of ten, the net strength which is 
available for resisting lateral wind pressure on the wires is 

(^-«;)lbs.= (6z..8^*-4]^)lbs. 
\io / \ Lj 9.6 Li/ 

It is desirable that the taper of poles is such that the radius 
at the top is not less than two-thirds of the radius at ground 
level to ensure that the greatest strength occurs at this point, 
which is most subject to decay. 

The deflection of a support fixed at one end and loaded at 
the other is given by 

3E1' 

where E = Young's Modulus. 

I = moment of inertia of the section. 

The value of I for a circular section is 

_7rR4 

4 
Hence we may write : — 

Vs^e; r^ • 

The deflection of a standard support having once been 
ascertained by test and the value of the constant term in 
brackets determined, the deflection of any support of similar 
type and material can then be calculated. 
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Great stresses sometimes occur due to the breaking of all 
the line wires in one span, resulting in a heavy pull on the 
supports by the tension of the wires in those spans near the 
break which are not interrupted. If a support is flexible in 
the direction of the line, the tension in the wires will be much 
reduced by the bending of the supports, and probably by the 
foundations giving also to some extent The support will 
deflect in such cases until the tension of the wires is equal to 
the elastic resistance of the support. 

From a number of tests of fir poles, the deflection (D) was 
found to be approximately : — 

D '—yy. 

3456000 R* 

A Poks. — These (Fig. 68) should have an 8 in. by 4 in. 

creosoted brace block 6 to 8 ft. in length fixed about 2 ft. from 

the butt end, and at the top the 

; Q ; two legs should be scarfed together, 

'i 111 ' about one-third of each pole being 

, , ;|j . , cut away. An oak key 6 in. deep 

b let into each member i in. to U in. 

about two-thirds from the top of 

the scarf prevents slipping. 

The spread of A poles should 

be about one-eighth of the length. 

An A pole is four and a half 

times as strong as a single pole 

similar to those composing its 

members. 

The wind pressure on an A 

pole is taken as one and a half 

_^^.^ times that on a single pole. 

^WlJi ^/////lli "^^^ deflection ip the direction 

/////, //////// ^^ jj^^ ^j^^g j^ ^i^jy ^jjQ^j j^^jj- 

that of a single pole. 

Taking average values of tests 

Fig. 68. by Professor Goodman, it appears 

that the transverse deflection of an 

A pole is about one-fiftieth that of a single pole of the same 

dimensions as those composing its members. Considerable 

variation is likely to occur, however, owing to slip at the 
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joint. The majority of poles tested to destruction failed 
through the buckling of the compression leg. 

Cross Arms. — The length of 
cross arm depends upon a number 
of considerations in the case of 
long high voltage transmission 
lines. These have already been 
referred to in Chapter I. 

On short medium pressure 
lines the possibility of short 
circuit due to the swaying of the 
wires in the wind becomes of 
importance. Birds are also likely 
to cause short circuit on such 
lines. 

The Breaking Stress w of a Rectangular Oak Cross Arm 
(Fig. 69) is given by 




Fig. 69. 



where W = weight in cwts. at the extremity of the cross arms, 

L = length of arm in inches. 
B = breadth in inches. 
D = depth in inches. 
C = A constant =17 approximately. 

Economical Span, — The total .cost of overhead lines is made 
up of: — 

Cost of wires. 

supports, 
insulators, 
erection. 
„ wayleaves capitalised. 

In the case of any particular overhead line the cost of the 
supports will be proportional to the number employed. Way- 
leaves will also largely depend upon the number of supports 
adopted. 

If, however, the number of supports is decreased, they must 
be made stronger and higher to resist increased wind pressure, 
and to give sufficient headroom. The cost of labour during 
erection will also be increased per support. 
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It is, therefore, apparent that there is a most economical 
span which can be adopted with any given set of electrical 
requirements. 

It is found that over a fair range of spans, however, the 
total cost is fairly constant. 

The stress on supports due to change in the direction of 
the wires may be ascertained as follows. If the wires make an 
angle ff> at the support B (Fig. 70), the total tension in directions 
BA and BC will be /^Z, where « = the number of wires, and / = the 




A 



tension of each wire in lbs. The resultant T of these two forces 
in the direction BD is 

T = 2«/ cos - lbs. 
2 

The stress in practice would usually be taken up by a 
galvanised steel stay wire consisting of seven or nineteen strands 
of No. 8 S.W.G. wire. 

If in Fig. 7 1 T = resultant stress in line wires as before, 

S = stress in stay wire, 
<^ = the angle the stay wire makes with the support, 

T 

then S = -, — - lbs. 

sin <p 

If the stay wire cannot be fixed to the support at the same 
level as the line wires (Fig. 72) — 
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Let 



Then 



H = height of h'ne wires above ground. 
/^ = height at which stay wire is fixed. 

T H 

sin </> h 



S = 



It is to be hoped that much greater facilities than hitherto 
will be extended to promoters of transmission schemes in this 
country in the near future. 

The Board of Trade Regulations requiring high factors of 
safety largely increase the cost of construction of overhead 
lines, and the difficulties of obtaining wayleaves often militate 
seriously against an economical transmission of power into 
rural districts. 





^^:^M^!*^?MwJ 



Fig. 72. 



A further obstruction sometimes arises from the powers 
conferred upon Local Authorities to veto overhead wires, and 
some amendments of these legal powers of obstruction are 
sorely needed. 

Telephones. — With all extra high-pressure transmission and 
distribution schemes in this country the Board of Trade insist 
upon adequate telephonic communication being provided between 
the generating stations, distributing stations, and substations of 
the system respectively. This is usually carried out by multi- 
core paper and air-insulated telephone cables, lead-covered and 
armoured, laid direct in the ground. These telephone cables are 
in most cases of necessity laid alongside the high-pressure feeder 
cables traversing the same route, and a certain amount of 
10 
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interference is sometimes found to occur between the telephone 
and high-pressure circuit. In the writer's experience, where the 
neutral points of the generators at the power station are earthed, 
such interference in some cases has been traced to the in- 
sufficiently insulating qualities of the small wires run between 
the telephone cable dividing boxes and the instruments 
themselves. It must be remembered that with irregular wave 
forms containing triple frequency harmonics the lead sheaths 
of the feeder cables are subject to electrostatic charges of high 
frequency, and in spite of the usual earthing arrangements small 
sparks may often be obtained between the cable sheaths and 
neighbouring metallic objects. With overhead transmission 
lines working at pressures of 100,000 volts the telephone lines 
are usually run upon an independent set of poles. 

With lines working at lower pressures, however, it is common 
practice to run the telephone wires at about 10 feet below the 
line conductors attached to insulators carried bv the line 
supports. Electro-magnetic induction is largely prevented by 
the transposition of both the line conductors and the telephone 
conductors themselves. 

Where the line transformers are arranged in delta connection, 
however, a further precaution against electrostatic effects is 
sometimes adopted. This consists in joining the telephone 
wires by split choking coils at each end of the line, the mid 
points of these choking coils being connected to earth. 

Lightning Arresters. — The types of lightning arresters in 
most general use for protecting transmission lines may be 
described briefly under the following headings : — 

1. Electrolytic. 

2. Water jet. 

3. Multigap. 

4. Horn gap. 

The electrolytic form of lightning arrester which is now very 
extensively used is based upon the principle that aluminium 
immersed in a suitable electrolyte becomes coated with a film 
which will only allow a small current to pass until a certain 
voltage is reached, approximately 400. After this voltage is 
exceeded the film breaks down, allowing a large current to 
pass, but upon the reduction of the voltage the film is again 
reformed. 
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A large number of circular dished shaped trays of aluminium 
are fitted one within the other, but separated by suitable 
insulated washers. 

The space between the trays is filled with electrolyte, and 
the whole enclosed in an earthenware jar. For high voltages a 
number of such jars are mounted one above the other, and 
connected in series with a horn gap between each line and earth. 

With the water-jet type of arrester water is allowed to spray 
upwards and impinge upon horizontal metallic plates in direct 
connection with the line wires. It is generally only employed 
at the generating station end of the transmission line or at 
substations where a plentiful supply of water is available. 
Although this type of arrester has been found to work well on 
the Continent it entails a loss of power by reason of leakage 
from the transmission line, and for this reason it would appear 
to be the usual practice to shut off the water unless thunder- 
storms are expected. 

In the case of the multigap arrester a number of small metal 
cylinders are employed, separated by small air gaps, the number 
of gaps being made sufficient to prevent arcing after a discharge 
from line to earth has taken place. In some forms of this 
arrester about twice the number of gaps required to resist the 
line voltage are employed in series with a resistance to earth. 
In addition a shunt resistance is placed across the half of the 
air gaps remote from the line. 

The horn type of arrester (Fig. 73) consists of wires placed 
in a vertical plane at an angle between them, the air gap being 
least at the bottom, but increasing upwards. One of the wires 
is connected to the line, and the other to earth usually through 
a water resistance. The space between the horns at the bottom 
is adjusted to withstand a discharge at a certain margin over the 
normal pressure between line and earth. 

Generally speaking, in the case of long transmission lines 
lightning arresters are only installed at the ends of the line, or 
at substations. It is now becoming the usual practice, however, 
to run an earthed wire the whole length of the transmission 
line situated at some distance above the line conductors, and 
earthed at frequent intervals. 

Choke Coils. — An important accessory to every overhead 
transmission line is the choke coil or self-induction spiral. 
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Each line after passinjj the lightning arresters at the entrance 
to the generating station or substation passes through a choke 
coil (Fig. 74), generally consisting of two flat spiral coils of 
copper placed side by side, and connected in parallel. These 
coils are usually supported in mid air by porcelain insulators, 
but in some cases are immersed in oil. The special feature of 
lightning and other static disturbances on transmission lines is 
the extreme rapidity with which they occur, and their very 
high frequency of oscillation. It has been computed that the 
frequency of a lightning discharge may be several million 
periods per second, and probably is seldom less than 50,000 
periods. Accordingly choke coils which at the normal frequency 
of 25 to 60 periods of the supply would be practically non- 
inductive, behave as insulators to impulsive rushes of current, 
and rapidly oscillating discharges. Hence by placing suitable 
choke coils on each line upon entering the generating station, 
and after the line has passed the lightning arresters, most static 
disturbances will be dissipated through the lightning arresters. 
Choke coils are shown in position in Fig. 1 2. 

Power Factor Correction. — The power factor of a circuit 
is usually defined by the ratio of true watts, as measured by 
a wattmeter, to the apparent watts obtained by the product of 
the effective or Vmean'-^ amperes flowing in the circuit by the 
potential difference in effective volts across its terminals. With 
sine waves of pressure and current the power factor is also given 
by the value of the cosine of the angle of phase difference 
between the pressure and current waves respectively. The power 
factor can never be greater than unity, and in the case of most 
alternating-current circuits met with in practice is less than 
unity. 

With irregular wave forms of pressure and current the 
power factor of the circuit will be dependent upon other char- 
acteristics, these being the angles of phase difference between 
corresponding harmonics present in the press.ure and current 
waves and variation in proportionality between such harmonics, 
it is, therefore, evident that the phase difference between an 
irregular pressure and current wave as determined by the points 
at which they cut the horizontal axis respectively, cannot be 
used to determine the power factor of the circuit, since the 
positions of these zero points may be altered considerably by 
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the presence of certain harmonics, as we have already seen in 
Chapter V. 

Generally speaking, if we find the fundamental sine com- 
ponents of the pressure and current waves by harmonic analysis, 
we shall find also that the phase difference between them largely 
determines the value of the power factor of the circuit, the 
effect of other harmonics often being inappreciable. 

In all cases where the power factor of a circuit is low, due to 
phase difference between pressure and current, it is possible to 
raise it by placing a suitable condenser or self-induction as a 
shunt across the circuit, but in special cases, where low power 
factor is due to wave distortion, this method cannot be adopted. 

The two principal causes of low power factor in practice 
are : — 

(i) Self-induction of load and line. 
(2) Capacity of line. 

The extent to which the regulation of an overhead trans- 
mission line may be affected by these quantities has already 
been discussed, and it is now proposed to review briefly the 
practical means available to raise the power factor of a circuit. 

The effect of low power factor upon extensive systems 
employing expensive underground mains and many sub- 
stations may be very serious, and accordingly may justify 
considerable capital expenditure towards rectifying the defect 

For instance, the steam plant in the generating station may 
be prevented from working up to its full rated capacity, due to 
the fact that the output of the alternators is limited by the 
heating of their windings, and the demagnetisation of their field 
magnets by the large lagging currents. 

Moreover, the inductive drop in the cable system with low 
power factor will greatly exceed that at unity power factor. 

The C^R loss in the cables will indeed vary inversely as the 
square of the power factor, thus with a power factor of 0.5 the 
C^R loss will be four times that with power factor unity. 

As regards the substations themselves the regulation of the 
transformers may be seriously affected by low power factor and 
the capacity of both transformers and switchgear heavily handi- 
ca[)ped. 

Where the low power factor of the system is due to a highly 
inductive load such as that formed by a number of induction 
motors working considerably under full load at the end of the 
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line, the generators, line, &c., may be relieved of the wattless 
component of the current by shunting the load by a suitable 
condenser, or applying its equivalent in the form of a syn- 
chronous motor over-excited, or by the employment of rotary 
converters. This arrangement is represented diagrammatically 
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Fig. 75. 

by Fig. 75 ; the wattless component of the current in this case 
only circulates locally between the load and the shunt formed 
by the condenser or its equivalent. 

On the other hand, if the low power factor is due to the 
electrostatic capacity of a long overhead transmission line at 
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Fig. 76. 

light loads, the generators alone can be relieved of the wattless 
component of the current by shunting the line with a suitable 
self-induction as shown diagrammatically by Fig. 76, 

In reviewing the practical means available for correcting low 
power factor upon an existing system, it is first to be noted that 
the extent of the correction required will vary from time to time 
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with the load throughout the day. Accordingly, in those cases 
where induction motors are the cause of the trouble, and the 
employment of condensers is adopted, it will probably be found 
most convenient to arrange that each of the larger units be 
provided with its own condenser which can be switched on to 
the supply circuit simultaneously. If synchronous motors or 
rotary converters be used, however, a certain amount of hand 
regulation will generally have to be faced. The manufacture 
of condensers suitable for extra high-pressure working has 
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Fig. 77. 



already attained considerable success, the principal factors 
militating against their more extended use being high initial 
cost and the difficulty of dissipating the heat produced in the 
dielectric under working conditions. 

For correction of low power factor due to the electrostatic 
capacity of long transmission lines, large inductances have been 
successfully employed to relieve the generating plant in some 
cases of thousands of apparent kilowatts represented by the 
large charging current flowing into the line at the high working 
pressure adopted. 
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With an existing load of induction motors at the end of 
a transmission line, resulting in a low power factor of the 
system, the most efficient means of correction will usually be 
found in the adoption of over-excited synchronous motors 
" floated " or working on the line at the receiving end, and in 
close proximity to the load. It may, therefore, be of interest to 
consider here some features upon which the success from a 
financial point of view of this method of power factor correction 
will depend. 

In Fig. 77, 

Let OA = E.M.F. of generator. 
OB = back E.M.F. of motor. 
OC = current in circuit. 

OQ = PR = back E.M.F. of self-induction of circuit =/LC. 
OR = CR loss in circuit. 
Then 'OP = E.M.F. required to drive the current C round the circuit, 

and the phase difference between OA and OB must 
be such as to give OP as a resultant. 

From the figure it is evident that the output of the generator 
is O A X OC X cos ex watts, whilst the power used by the 
motor is OB x OC x cos j8 watts in furnishing power and over- 
coming friction losses, &c. Since OB and PA are equal and 
parallel it is evident that their projections Ob and R^ are equal, 
and, therefore, the difference between Oa and Ob is OR, and 
OC X OR is the power lost in resistance. 

In Fig. 78 let the resultant pressure OP have the same value 
and phase as before, and hence the current C remain the same, 
but let the counter E.M.F. of the motor OB' be greatly increased, 
keeping the point B' in the same vertical line ^B, so that the 
power used by the motor OB'xOC cos j8' will remain the same 
as before. In this case the phase position of the impressed 
E.M.F. OA' required to complete the parallelogram will lie on 
the reverse side of the axis O A to that in the case of Fig. 77, 
that is, the current OC will now be in advance or lead the 
impressed pressure OA'. 

We see, therefore, that by over-exciting a synchronous motor 
so that the counter E.M.F. exceeds the impressed E.M.F., the 
current in the circuit will lead the impressed E.M.F. 

From the same diagram it may be deduced that there are 
two values of the counter E.M.F. or excitation for which the 
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current in the circuit will be the same, lagging or leading the 
same impressed pressure by equal angles. Moreover, for a 
certain value of counter E.M.F. or excitation the current in the 
circuit will be a minimum. 

As an example of power factor correction by means of a 
synchronous motor we may take the case of a generating 
station with an output of 4,000 kilovolt-amperes at a total power 
factor of 0.7, and assume that it is desired to raise this power 
factor to 0.9. 



B 




Fig. 78. 



Take any horizontal line OX (Fig. 79) to represent the 
phase of the pressure at the generating station, and with 
radius OA = 4,000 units describe an arc of a circle AB. 
Upon OX mark off a length OC = 2,800 units, and from C 
draw CD at right angles to OX, cutting the arc AB at the 
point D. The length OC will now represent the true power 
in the system, 2,800 kilowatts. CD will represent the wattless 
component of the power, 2,860 kilovolt-amperes, and the length 
OD the total output of the station in kilovolt-amperes at 0.7 
power factor. 

Upon OX mark off a length OE = 3,600 units, and from th 
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point E draw EF at right angles to OX, cutting the arc AB at 
the point F. 

The length OE will now represent true power in the system 
to the extent of 3,600 kw., EF will represent the wattless 
component of the power 1,746 kilovolt-amperes, and OF will 
again represent the total output of the station of 4,000 kilovolt- 
amperes at 0.9 power factor. Now, in order that the power 




Fig. 79. 

factor of the system may be raised from 0.7 to 0.9, it is obvious 
from the diagram that the difference between the lagging com- 
ponents CD and EF, or 1,1 14 kilovolt-amperes, must be counter- 
acted by a leading component of like amount furnished by the 
synchronous motor. From the point C erect a perpendicular 
CG on the line OX of length 1,114 units, this will represent the 
leading wattless component to be furnished by the synchronous 
motor. We now require to estimate the real power required to 
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overcome friction, windage, iron and copper losses in the motor 
running light. Assume this to be lOO kw. and mark off CH of 
length 100 units in phase with the pressure OX. CH then 
represents real power lost in the motor. Join GH, which will 
be found on measurement to be approximately I,I20 units and 
gives the kilovolt-ampere rating of the synchronous motor, 
which, floated on the line, will raise the power factor of the 
system from 0.7 to 0.9. 

The first thing to be noted in connection with the above 
calculation is that although the useful capacity of the generating 
plant has been increased by 800 kw., this has been effected by 
the necessary capital outlay upon an 1,120 K.V.A. synchronous 
motor, and in addition the running cost of 100 units of electrical 
energy per hour. This brings us to the all-governing question 
with any scheme for power factor correction, " Will it pay ? " 
As already indicated, the answer will depend in any particular 
case upon the capital cost of plant mains and substations 
running charges, &c., which expert investigation will alone 
interpret. It still remains to point out one important feature ; 
if, as is rarely the case in practice, it is possible to allocate to 
the synchronous motor definite and continuous work, a com- 
paratively small increment in its kilovolt-ampere rating will 
enable it to do much useful work, and thus considerably reduce 
the standing and running charges otherwise attributable to its 
installation. 

For instance, if we join GE in Fig. 79 we find this length 
scales 1,373 units, and this represents the kilovolt-ampere rating 
of a synchronous motor capable of furnishing a leading wattless 
component of 1,114 kilovolt-amperes, and useful work to the 
extent represented by the length HE, namely, 700 kw. We 
thus see that by increasing the rating of the synchronous motor 
by 253 kilovolt-amperes, we enable it to do useful work to the 
extent of 700 kw. 

As regards the effect of low-power factor upon the generating 
station itself, it will generally be found that it is cheaper to 
instal a larger generator than a synchronous motor. In some 
cases where the existing alternators have been unable to work 
up to the full load of the engines to which they were coupled, 
larger generators, but coupled to the same sized engines as 
before, were subsequently installed. By over-exciting the new 
generators the wattless current required was supplied by them. 
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and the whole of the steam plant thus enabled to work up to its 
full rated capacity. 

Where the conditions are such that rotary converters can be 
employed, this plant possesses advantages over the synchronous 
motor as regards efficiency and reliability in working, and for 
a small increase in its kilovolt-ampere rating it will supply a 
very considerable leading wattless component for the correction 
of low-power factor. 

Of recent years considerable attention has been given to 
the improvement of the induction motor, which may be said 
to be the chief cause of low-power factor upon existing supply 
systems. This has resulted in the development of commutating 
forms of induction motors in which the power factor may be 
made practically unity. With such motors a special exciter 
is combined, consisting of a commutating alternate current 
generator whose magnets are excited by the low frequency rotor 
currents. 

Boosting. 

It was pointed out in Chapter II. that the question as to 
whether it will pay to employ boosting upon one or more 
feeders leaving the generating station will depend upon the 
working cost of the boosting appliances employed, with the 
particular load curve to be met, as compared with the interest 
and sinking fund charges upon the cost of the extra copper 
which, if put into the feeders, would render boosting un- 
necessary. 

The cost of attendance upon boosting appliances installed 
at the generating station ends of feeders will, in general, be 
slight, whereas, if installed at the substation ends of the feeders, 
the cost of attendance may become a considerable item. 

As an example of boosting, we may take the case of a 
2,000-volt single-phase feeder transmitting 300 kw. to a sub- 
station six miles distant, as follows : — 

Distance of transmission 6 miles. 

Load transmitted — Single-phase P. F. .1 - - - 300 kw. 

Maximum bus bar pressure at generating station - - 2,200 volts. 

Working pressure at substation ----- 2,000 volts. 

Full load current - - - - - - 150 amperes. 

Load factor - - - - - - - - 13 per cent. 
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As alternative schemes we could adopt in this case : — 
Scheme A (with Booster) — 

One 0.T5 sq. in. concentric cable with CR drop 
Less pressure supplied by booster - - - - 

Scheme B (without Booster) — 

Two 0.2 sq. in. concentric cables with CR drop 

It is to be noted that under Scheme A the energy to be 
supplied by the booster is 

310 volts X 150 amperes = 46. 7 kw. 
We may assume the following relative capital expenditure : — 

Scheme A — 

Six miles 0.15 sq. in. 2,200-volt V.B. C.C. cable laid 

in cast-iron trough, reinstatement ist setts - ;^9,o54 
50 kw. regulating booster, erected complete - - 150 

;^9»204 

Scheme B — 

Twelve miles 0.2 sq. in. 2 200- volt V.B. C.C. cable 

laid in cast-iron trough, reinstatement ist setts ;^ 16,956 

The annual charges may now be set out as follows : — 
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standing Charges, 

Interest and sinking fund per annum on 
capital cost of cables laid complete, at 
6 per cent. 

Interest and sinking fund per annum 
upon capital cost of boosting trans- 
former and switchgear, at 6 per cent. - 

Interest and sinking fund at 6 per cent, 
upon proportion of generating plant 
representing losses in cables and 
boosting transformer at £^^ per kw. 
installed 

Running Charges. 

Value of C^R loss per annum in cables 
and boosting transformer at works, 
running cost of o.375d. per unit - 

Value of open circuit losses, dielectric 
and copper losses in cables, iron and 
copper losses in boosting transformer, 
at works running cost of 0.37 5d. per 
unit 



With Booster. 



£ s. d. 



Without Booster. 



162 12 O 



103 12 O 



7 8 5 



825 17 5 



£ s. d. 



543 5 o , 1,017 7 3 



900 



63 o o 



39 16 o 



5 4 o 



1,125 7 3 



Saving per annum by adopting boosting, ;£299. 9s. lod. 
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BOARD OF TRADE REGULATIONS FOR 

OVERHEAD WIRES 

I. Maximum Intervals between Supports, — The interval be- 
tween any two wooden poles used singly as supports for an 
overhead line shall not exceed 200 ft. ; provided that where the 
line makes an angle at any such pole the interval between that 
and the next pole shall not exceed 150 ft. In the case of 
supports other than single wooden poles the intervals between 
the supports shall be such as may be prescribed by the Board of 
Trade. 

2. Factors of Safety, — Every support for an overhead line 
shall be of a durable material, and shall be properly stayed 
against forces due to wind pressure, change of direction of the 
line, or unequal lengths of span. The factor of safety shall be 
for overhead lines at least 5, and for wooden poles at least 10, 
and for iron or steel structures at least 6, taking the maximum 
possible wind pressure at 50 lbs. per square foot. No addition 
need be made for a possible accumulation of snow. 

3. Attachment of Overhead Lines. — All overhead lines shall 
be attached to insulators, and shall be so guarded that they 
cannot fall away from the support. 

4. Height from Ground^ &c. — An overhead line, placed after 
the date of these Regulations, shall not in any part thereof be at 
a less height from the ground than 22 ft, except with the 
consent of the Board of Trade, and shall not be accessible to 
any person without the use of a ladder or other special appliance ; 
and, in the case of a high-pressure overhead line so placed, no 
part thereof which crosses a street shall be at a less height from 
the ground than 25 ft., except with the consent of the Board of 
Trade. 
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5. Three-wire System, — Where a supply is given by over- 
head lines on the three-wire system, the positive and negative 
conductors shall be placed side by side above the intermediate 
conductor. The intermediate conductor shall consist of two 
wires placed side by side at a distance apart greater than that 
between the positive and negative conductors, and connected in 
each span by two cross wires placed in such a manner that in 
the event of either the positive or negative conductor breaking, 
it shall fall on one at least of the cross wires. 

6. Supply from Two-wire System, — Where a supply is given 
by overhead lines from a two-wire system, with the negative 
conductor connected with earth, the positive conductor shall be 
placed above the negative conductor in such a manner that in 
the event of breakage it must fall on the negative conductor. 

7. Sennce Lines from Overhead Lines. — Service lines from 
overhead lines shall be led as directly as possible to insulators 
firmly attached to some portion of the consumer's premises 
which is not accessible to any person without the use of a 
ladder or other special appliance. Every portion of any service 
line which is outside a building but is within 7 ft. from the 
building, shall be efficiently protected by insulating material. 

8. Angle of Crossing Thoroughfares, — Where an overhead 
line crosses a street, the angle between the line and the direction 
of the street at the place of crossing shall not be less than 6o% 
and the spans shall be as short as possible. 

9. Lines Crossing Metallic Substance. — Where an overhead 
line crosses, or is in proximity to, any metallic substance, 
precautions shall be taken by the Undertakers against the 
possibility of the line coming into contact with the metallic 
substance, or of the metallic substance coming into contact with 
the line by breakage or otherwise. 

10. Discharge of Pressure in Case of Fire, — In the case of 
any high-pressure overhead line exceeding one half mile in total 
length, means shall be provided whereby in case of fire or other 
emergency the pressure may be discharged from any portion of 
the line erected over or alongside of any building or buildings. 

11. Maintenance. — Every overhead line, including its sup- 
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ports and all the structural parts and electrical appliances and 
devices belonging to or connected with the line, shall be duly 
and efficiently supervised and maintained as regards both 
electrical and mechanical conditions. 

1 2. Disused Overhead Lines to be Removed. — The Undertakers 
shall remove any overhead line upon ceasing to use it for the 
supply of energy, unless upon so ceasing they satisfy the Board 
of Trade that they intend to bring it into use again within a 
reasonable time^. 

13. Overhead Lines, — Overhead lines shall not after the 
date of these Regulations be erected or maintained except in 
accordance with plans approved by the Board of Trade, and 
subject to such Regulations as the Board may prescribe ; 
provided that this Regulation shall not apply to any electric 
lines which have been erected at the date of these Regulations 
so long as those lines are maintained in accordance with any 
Regulations of the Board of Trade which are in force and 
applicable thereto at that date, and with any requirements of 
the Board made thereunder. 

These Regulations are made subject to the power of the 
Board of Trade to make such further or other Regulations as 
they may think expedient. 

Consents for Overhead Wires. — Applications for consent 
for overhead wires are considered in each case on its merits 
The following information should be given : — 

1. Where the Undertakers are a Company, evidence of con- 
sent of Local Authorities where the wires cross any road. The 
Local Authorities are : — {a) In England and Ireland: Borough 
Councils, Urban District Councils, and Rural District Councils ; 
{b) In Scotland : Police Commissioners, Gas Commissioners, 
Town Councils, and County Councils. 

2. A statement showing commercial or other considerations 
why underground cables should not be used. 

3. A brief description of the proposed system. 

4. Is the supply to form (i) an extension of an existing 
system or underground cables, or (2) of an existing traction 
system, or (3) an independent system ? 
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5. A plan on a scale of about 6 in. to the mile, showing the 
proposed route of the overhead wire. (In the case of Ordnance 
maps, the sheets to be sent separately.) 

6. In the case of high and extra high pressure, plans of 
construction of poles, &c., on a scale of about i in. to the foot. 

Note, — Proposals for high or extra high-pressure wires carried 
alongside roads cannot be entertained, the transmission lines 
must go across open country. 
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SELF-INDUCTION OF WIRES 

From purely theoretical considerations it may be shown that 
the self-induction in henrys per kilometre of two parallel wires 
L is given by the expression : — 

L= (0.1+0.92 logio -j io~^ - - - (i) 

Where d^ distance between the centres of the wires. 

r= radius of the wires, r and d being expressed in similar 
units. 

For a single core of a three-phase line this reduces to 

L= r.05 + 0.46 log^o ;:) ^°~^ ■ ■ ■ (^) 

The above expressions, however, make certain assumptions 
as to the current distribution in the conductors, which we know 
will depend upon the frequency of the current and the diameter 
of the conductors themselves. 

If we write equation (2) in the form 

L=(>^ + o.46 1ogjo- j io~3 

we may assign to k certain values found to agree with actual 

measurements of self-induction under various working conditions. 

With stranded cables of circular section insulated for 5,000 

volts working pressure, it would appear that average values of 

k at normal frequencies are as follows : — 

Section of Conductor y ^ 

IN Square Inch. 

0.025 sq. in. - . - - .07 

0.05 „ - - - - - .05 

0.1 „ ... - .035 

0.15 „ .... .025 

0.2 „ ... - .02 

The self-induction of large cables formed of cores hammered 
to clover leaf section was found to be about 8 per cent, less than 

the corresponding values with circular cores. 
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ELECTROSTATIC CAPACITY OF WIRES 

The Y capacity K^ per mile in microfarads of each conductor 
of a three-phase overhead h'ne is given approximately by the 
following expression : — 

,. _ .0388 

~d 

logio - 
r 

Where ^/= distance between centres of conductors. 

r= radius of each conductor, r and d being expressed in 
similar units. 

In the case of overhead lines, however, the distance the wires 
are from the ground will affect the electrostatic capacity of the 
line to some extent. If this be taken into account, we have for 
the Y capacity K, per mile of conductor in microfarads : — 



logxo^-log,oyi + (^y 

Where d and r have the same meaning as before and h = mean height of 
wires above ground level, r, d^ and h being expressed in similar 
units. 

It was seen from Fig. 8, page 46, that the electrostatic 
capacity of a paper-insulated E.H.P. cable increased with rise 
in temperature. The capacity will also vary with the thickness 
and quality of the paper dielectric and hence with the working 
pressure for which the cable is constructed ; in addition it will 
vary with the section of the conductors themselves. 
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In Fig. 80 curves have been drawn illustrating the variation 
in Y capacity of paper-insulated three-phase cables constructed 

Y Capacity of Three-Phase E.S.C. Cables. 
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Fig. 80. 



with Engineering Standards Committee's thickness of dielectric 
for various sections of conductor and working pressures. 
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LINE CALCULATIONS 

The solution of problems relating to transmission lines and 
cables carrying alternating currents due to impressed pressure 
waves of pure sine form can usually be effected very easily by 
graphical methods. Such methods possess the advantage also 
of rendering visible to the eye phase relationship and its changes 
due to reactance. The graphical method, however, in some 
cases results in incommensurable quantities, some lines when 
drawn to scale being inconveniently large and others as incon- 
veniently small. An analytical method, generally known as the 
symbolic method, enables calculations regarding the most com- 
plicated combinations of alternate current circuits to be made 
with as much ease and accuracy as by simple arithmetic. 

The method briefly explained involves two conventions as 
follows : — 

(i) We know that the resultant of any number of pressures 
or currents, &c., may be found from a vector diagram as in the 
case of forces. The vectors may, however, be combined algebrai- 
cally by adding the vertical and horizontal components of each 
vector, which will give the vertical and horizontal components 
of the resultant. To indicate that one set of components are at 
right angles to the initial line the prefix i is used. Thus if a 

voltage is given by the equation : — 

8A 



V = RA + L' 



8/ 



it is represented by V = (R-|-^*L/)A in Fig. 8i. If the co- 
efficient of / is -t- then V is in advance of A, and the vector 
/L/A is in advance of the vector R A. 

Similarly, if 

8V 
Ak = K^=/K/V, 

the vector Ak is in advance of the vector V by 90°. 
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(2) If we choose lines along and perpendicular to OA as 
axes of reference, then V is represented by 

V cos <^ + 1 V sin <^. 

If, however, our lines of reference are the axes ox and qy^ and 
if the components of A upon these axes are respectively a and by 
then the components of V are given by : — 

V = [R + /L/][^i + /4 

Thus if we treat t^ as = — i we get 

V = [^iR - b\.p] + / [/)R + dLp\ 

As an example of the application of this method we may 
take the case of a three-phase inductive load requiring a constant 




Fig. 81. 

pressure of 20,000 volts between phases fed through a 50-mile 
length of .05 sq. in. three-core cable. 

Assume — 

Frequency of supply, 50 periods. 

Power factor of load = 0.8. 

Load current, 40 amperes per phase. 

For a 50-mile length of .05 sq. in. three-core 20,000- 
volt cable we may take : — 

Resistance per core - = 42.95 ohms. 
Inductance (2^) per core = ii'75 » 
Y capacity per core - = 10.55 microfarads. 
Power factor of cable - = .028. 
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All three voltages and currents being equal, and the 
potentials of the system symmetrical with regard to earth, the 
problem reduces itself to a single-phase load of known power 
factor and constant pressure, fed through a single conductor of 
known resistance, self-induction, and capacity by a single-phase 
generator whose voltage is required, the circuit being com- 
pleted through an imaginary earth return of resistance, &c., zero. 

It will be sufficiently accurate for most practical purposes to 
consider the total capacity as bunched in the middle of the line 
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Fig. 82. 



Our circuit may now be represented diagrammatically by 
Fig. 82, in which the values of our constants are as follows : — 

20000 

Vj = r-- = 1 1,550 volts. 

/'= 21.47 ohms. 
27r«/= 5.87 ohms. 

K= 10.55 microfarads. 
A = 40 amperes. 
Cos <^ = o.8. 

Starting with the required voltage at the load and working 
backwards towards the generator we have : — 

Vj = 1 1 550 (cos <f>-{-i sin <^) 
= 1 1550 (0.8 + /*. 0.6) 
= 9240 + 6930 . /. 
V - Vi, = [2 1.47 + 5.87 . t] 40 
= 859 + 235./. 
. *. V= 10.099 + 7165 ./. 
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Now Ak = K-^ = 27r«KV . /, 

and taking « = 50 periods, 

27r«K = .oo33i. 
Hence Ak = . 00331 . / [10.099+ 7 ^^5 • ^]- 

= - 23.7 + 33-4- ^'• 
So far we have taken no account of the dielectric loss in the 
cable. With the assumed power factor of the cable .028 we 
must add to the above value of A^ a current : — 

.028 X .00331 V = .936 + .665 . /. 
Our value of Ak is now 

- 22.76 + 34.06 . /. 
Now Ac = Ak + A 

= i7-3 + 34-o6./. 
And as Vq- V = (r + / . 27r«/) Ac 

= [21.47 + 5.87 ./] [17.3 + 34.06./] 
= 172 + 833./. 
Therefore V^ = i o. 2 7 1 + 7998 . /. 

We have now obtained the components of the vectors repre- 
senting the various voltages and currents, and the length of 
each vector is at once arrived at by taking the square root of 
the sum of the squares of its components. 

Thus Vg = V( 1 0,27 1)2 + (7998)2 

= 13,020 volts. 
Similarly Ag = 38. 2 amperes. 

Similarly V = 1 2,390 volts. 

Again the tangent of the angle each vector makes with the 
initial line is given by the ratio of the vertical to the horizontal 
components. 

Thus for Vg tan <f> =■■ '^^ = '779 and <^ = 38° nearly. 

10,271 

The power due to a voltage and a current vector is given 
in watts by adding the product of their respective horizontal 
components to the product of their vertical components. 

Thus the power due to Vg and Ag is — 

10,271 X 17.3 + 7998 X 34.06 = 450.2 kw. per phase, 
and the power factor = cos 2 5° = .906. 

Proceeding after the manner indicated above, a number of 
results have been worked out and are plotted in the curves 
given by Fig. 11, which relate to a three-phase transmission 
under the working conditions assumed. 
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COMPARISON OF TRANSMISSION SYSTEMS 

We have seen from Chapter III. that in transmitting a certain 
amount of power with three-phase cables over a given distance, 
the sectional area of the conductors or the amount of copper 
required will vary inversely as the square of the pressure 
employed for the same loss in the line. A similar result may 
be shown to be true generally with all transmission systems. 
As, however, different potentials will often occur between parts 
of the same transmission system, it becomes of importance in 
making any comparison to arrive at definite pressure relations 
with regard to each system as a basis for such comparison. 
Thus the amount of copper required to transmit a definite 
amount of power over a given distance, and with a fixed loss 
in the line, by any particular system, may be considered on the 
basis of equal maximum pressures between any parts of the 
system, or, on the other hand, that of equal maximum pressure 
between any parts of the system and earth. Further, the 
minimum pressures between the branches of each system may 
be taken as a basis for comparison. 

In making comparisons between direct current and alternating 
current systems, it is also to be noted that whilst in the case of 
the direct current system the maximum pressure will not exceed 
the working pressure between parts of the system, yet in the 
case of alternating current systems the maximum pressure will 
be \/2 times as great as the effective working pressure between 
the same parts of the system. The continuous current system 
would, therefore, on the basis of equal maximum pressure, only 
be expected to require half the amount of copper as the 
alternating current system. 

With the transmission of power over long distances the most 

important basis for the comparison of the different systems is 
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the maximum potential, which will occur between any part of 
the system. 

Starting with the single-phase system let 

e = effective voltage between wires. 
^= effective current per wire. 
r== resistance per wire. 

Then the power transmitted = ec^ 

and the line loss = 2C^r, 

With a two-phase system having four wires we have two 
distinct single-phase circuits, each wire carrying half the current 
and having twice the resistance of the single-phase conductors, 
the amount of copper required will be the same for equal 
loss and power transmitted. 

In the case of a two-phase three- wire system, the pressure 
between each outer and common return must be reduced to 

—j- to maintain the same maximum pressure e between wires, 

C 

the current in each outer will be- /- and in the common return c. 

If we denote by r^, the resistance of each outer, the total 
resistance of the conductors will be 

and the total loss 

/ir (^ + ^^) . 

equating this to the loss in the single-phase system we find 

^i_ 4 

^ 2+ n/2 

and the amount of copper required is 1.457 times that of the 
single-phase system. 

With a three-phase system employing three wires with 
pressure e between them and line current c^y we have : — 

Power transmitted = ec^ ^3. 
Line loss = z^i^v 

Now, since ec^ J^ must be equal to the power of the single- 

phase system ec ; c^= —7=, and the total loss will be c^r^ as com- 

v3 
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pared with a loss of 2c^r in the single-phase system. Hence, 
r^ = 2r, and the amount of copper required in each three-phase 
line is only half of that in each single-phase line. The total 
respective weights of copper will, therefore, be as f to 2 or f 
to I. That is, the three-phase system will only require three- 
quarters of the copper of the single-phase system. 

Collecting the above results and taking the weight of copper 
required by the single-phase circuit as 100, we have the following 
relative values : — 

Table XXII. 



System. 


No. of Wires. 


Relative Weight of 
Copper. 


1 

1 Two- Phase - 

Two- Phase - 

! One- Phase - 

1 Three-Phase 

1 


3 

4 
2 

3 


145-7 

IGG 
IGG 

75 



Proceeding as before, however, we may compare the above 
systems as regards the same maximum potentials to earth, in 
which case we shall find some considerable differences, as will be 
seen from the following table : — 



Table XXIII. 



System. 


No. of Wires. 


Relative Weight of 
Copper. 


One- Phase, one pole earthed - 
Two-Phase, one pole earthed - 
Two-Phase, common return earthed 
Three-Phase, neutral point earthed 


2 
4 
3 
3 


IGG 
IGG 
72.8 
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Linking up power stations, 2 
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— protection from lighting, 134 
Mains, underground, i 
Maximum working pressure, 2 
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Motor induction recent improvements. 
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